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ABSTRACT

MECHANICS OF HELICAL AND FABRIC-LIKE
MESOSTRUCTURES FROM
POLYMER-NANOPARTICLE HYBRIDS
MAY 2015
JONATHAN T. PHAM
B.S., THE OHIO STATE UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Alfred J. Crosby

Hierarchical structures developed from nanoscale building blocks offer an excellent opportunity to control properties on all length scales, from the molecular level
up to the macroscale. Many beautiful examples in Nature have demonstrated the
significance of controlling geometry and mechanics on small length scales to control
function on an organism-level, shown by the strength of bones, the toughness of a
mollusk’s shell, or the gecko’s ability to climb walls. Inspired by stunning examples
in both Nature and common man-made materials and structures, we assemble polymers and inorganic nanoparticles (NPs) with well-defined surface chemistry into long
ribbons and fabric-like networks with unprecedented length scales. In particular, we
focus on the geometry and mechanics of these structures when released from their
underlying substrate, as well as the fabrication methods to create such structures.
This thesis describes four concepts in detail: (1) the development of an evaporative
viii

assembly method used to prepare polymer and NP mesoscale structures, referred
to as flexible blade flow coating, (2) the spontaneous formation of helical ribbons,
driven by a 2-phase elastocapillary balance between surface tension and elasticity of
an asymmetric geometry, (3) the mechanical stretching properties of NP-based helical ribbons, and (4) the deformation, shape and fluid-structure interactions of small,
flexible, polymeric microhelices in viscous flow.
We first describe flexible blade flow coating, a technique that enables the fabrication of polymer, NP and hybrid mesostructures spanning several length scales. By
controlling the fabrication parameters, a wide range of materials can be used to create a wide range of geometries, such as ribbons and fabrics. This method relies upon
controlled evaporation of a dilute solution confined between a thin polymer film and
a flat substrate. By taking advantage of crosslinkable ligand chemistry and the use
of a water-soluble sacrificial layer, the structures are liberated from their substrates,
affording robust structures floating at the air-liquid interface or fully submerged.
When fully submerged in a fluid with sufficient interfacial tension, like water, we
discovered that ribbons spontaneously formed helices. By starting from a general
expression that balances the elastic bending energy and surface tension of an asymmetric cross-sectional geometry, we determined that this helical formation is due to
the asymmetric reduction of surface area upon bending (serving to lower the system
energy). This leads ribbons to bend into helices with a preferred radius governed by
both the modulus and interfacial tension, as well as ribbon thickness (R ∼ Et2 /γ).
This universal, geometry-based mechanism provides a new opportunity to create helices from any class of material, which is demonstrated by implementing metallic,
ceramic and magnetic NPs, as well as homopolymers.
Upon understanding the mechanics of helical formation, we examined the mechanical properties of NP-based helical ribbons. Through the use of a custom-designed
mechanical measurement tool, which is capable of measuring ∼nN forces over dis-
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placements of 100s of microns or greater, we experimentally measured the forcedisplacement relationship of these helices. We show that this curve can be predicted
through the elastic energy and surface-driven helical shape. Our experiments revealed
massive stretchability, where helices are able stretch to their fully straightened contour
length, as high as 23 times their original length. At low strains, the helices display
stiffness values similar to single polymer chains or biological helices (∼ 10−6 N/m),
and when fully stretched, display properties similar to synthetic polymer nanofibers.
Motivated by small, flexible helices in fluids found in Nature, like swimming bacterial flagella, we expand our studies to examine single helices in viscous fluid flow. We
fixed one end of a helix while leaving the other free, placed it into a microchannel, and
applied a controlled fluid flow rate. Using PMMA as our model polymeric material,
we found that the axial deformation is well-described by a nonlinear helix of finite
extensibility, defined by a balance between the viscous and elastic forces. From our
experiments, we describe the pitch distribution of a deformed helix in flow, as well
as calculate a frictional coefficient for the helical geometry. At high flow rates, we
qualitatively observed a global-to-local helical shape instability. Finally, we extend
the study to show preliminary results on the deformation of NP-based helices.
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CHAPTER 1
INTRODUCTION

1.1

Motivation and overview

When a mechanical stress is applied to an object such that it deforms, there
are responses that vary as a function of the amount of deformation. For example,
at small deformations, materials are in a regime where they are considered elastic
(i.e. reversible). However, above a critical amount of deformation, changes in shape
are no longer elastic and become permanent. As the material is further deformed,
catastrophic failure is observed and the material’s integrity is no longer useful in
structural applications. While this type of response is universal to nearly all materials,
the transition points, as well as the details of the deformation response are not. The
reason is because these responses are defined strongly by the intrinsic properties
of the material, like the chemical composition and microstructure. In addition to
intrinsic materials properties, an object’s response is also highly dependent upon the
size, shape and structural organization across many length scales. While all of these
characteristics vary in all materials and structures, they are particularly interesting in
a soft, hierarchical materials where both geometry and chemistry are highly tunable
and dynamic.
In general, hierarchical materials possess several characteristic length scales working in sync to create higher order functional structures. One large example is a
bridge, which is a design of truss systems that are organized in a manner such that
the overall structure can withstand the force of its own weight, traveling vehicles, and
environmental elements while also being efficient and aesthetically pleasing. This is
1

Figure 1.1: Examples of man-made and natural hierarchical materials and structures. (A) A traditional fabric typically has micron scale fibers that are organized
into larger fiber bundles into fabrics on the order of meters or greater. The right
panel shows a zoomed image of the fabric. (B) Natural tissues have several orders of
structural hierarchy from amino acids organizing into nanoscale collagen molecules,
fibrils, fibers, and finally macroscopic bones and tissues. (C) Mollusk shells are made
from a material known as Nacre, which has small platelets that are organized in a
brick-and-mortar fashion. The right panel shows Nacre under SEM. Images reprinted
from refs [2–5].

accomplished through truss systems that are built upon the organization of smaller,
straight beams that may range in size and shape [1]. Similarly, fabrics are manufactured with microscale bundles made from even smaller fibers that are arranged
into intricate sub-millimeter weaves, leading to macroscopic, meter sized fabrics (Fig.
1.1(A)). Due to their strength along the axial direction of the straight fibers, fabrics
are inextensible and have high strength in-plane. However, because of the thin geometry and the ability to share forces through organization of the weave pattern, fabrics
possesses macroscopic flexibility and toughness.
Although the aforementioned structures are man-made, many stunning examples
in biology reveal the importance of first controlling properties on the nanoscale to
control function on a human-level, such as the structural integrity of bones. These
hierarchical structures are built from nanoscale collagen molecules that are organized
into collagen fibrils with diameter on the order of ∼100 nm and ∼ µm lengths. These
2

fibrils are then bundled into fibers with ∼ 10 µm diameters and mm-scale length,
which are then organized into intricate and complex cm-scale (or greater) functional
bones and tissues (Fig. 1.1(B)) [3]. Importantly, each level holds a specific purpose
and mechanical character, which synergistically leads to higher order physical properties. Beyond collagen-based tissues, many cases of hierarchical structures providing
unique properties exist. Some mollusk shells, for example, are comprised of µm-scale,
brittle ceramic platelets that are strategically layered with nm-scale biopolymers in a
brick-and-mortar fashion, leading to 1000-fold increase in macroscale toughness (Fig.
1.1(B)) [4–6]. Yet another example is a gecko’s toes, which possess hierarchical patterns from nm-scale spatula tips to µm-scale rows of setae up to the mm-scale tendons
that provide its ability to climb [7].
In particular, hierarchical structures developed from nanoscale building blocks
offer an excellent opportunity to control properties on all length scales, from the
molecular level up to the macroscale. This delicate balance between intrinsic materials properties, hierarchical organization and overall structural geometry affords
unique characteristics that are essential for defining a material’s properties and ultimately its primary functions. We take lessons from Nature, as well as common
macroscopic man-made structures, like springs and fabrics, to create nanoparticle
(NP) and polymer-based materials combined with interesting geometries that span
several characteristic length scales (Fig. 1.2). The primary goal of this research is to
understand the mechanics of these hybrid mesostructures. To accomplish this goal,
we first develop a simple yet precisely controlled evaporative assembly method to fabricate long ribbons with nanoscale ribbon thickness from polymers and specially tailored NPs, synthesized by our collaborators Jimmy Lawrence and Prof. Todd Emrick.
Subsequently, we study the mechanics of the structures upon releasing them from the
underlying substrate on which they are fabricated. These nanoscale building blocks
not only provide mechanical properties specific to the nanoscale, but also provide a
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Figure 1.2: Hierarchical structures from NP materials developed in this thesis. Each
box is a zoomed in version of the previous hierarchical level. NP structures possess
hierarchy from the nanometer scale building blocks organized into ribbons of micron
scale width and nanometer scale thickness and lengths on the order of millimeters
or greater, which may be organized into unique geometries, such as 2D fabric-like
structures or 3D helices.

route towards tunable functionality (i.e. conductivity, fluorescence, crosslinkability,
etc) through both the inorganic particles and organic ligands.

1.2

Thesis organization

This thesis is organized into an introduction, four experimental sections, and a
final concluding section. The introduction provides technical background required to
understand the following chapters, as well as some review on literature. The four
experimental sections focus on: (1) the development of the flexible blade flow coating evaporative assembly technique used to create NP-polymer structures, including
release methods, as well as qualitative mechanics on fabric-like structures, (2) the
formation of NP and polymeric helical ribbons using surface forces and asymmetric
cross-sectional geometry to control a 2-phase elastocapillary shape transformation,
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(3) the mechanical stretching properties of NP-based helical ribbons, which includes
a uniquely designed experimental method to quantify small forces, and (4) the deformation and shape of single polymeric helical ribbons in microfluidic viscous flow.

1.3

Nanoparticle assembly and mechanical properties

Hierarchical hybrid materials that are created from nanoscale constituents enable
an emerging class of multifunctional materials that span several characteristic length
scales. In particular, the fabrication of NP-polymer hierarchical materials and structures is of great interest because of the wide range of potential applications. However,
integrating NPs into current applications is hampered by the challenge of placing them
at desired locations within structures. Mixing or blending NPs within a material is
a common approach, but most often the resulting structures lack sophistication and
organization. Controlled placement of NPs into organized hybrid assemblies leads to
new potential opportunities in electronics [8–12], photonics and optics [13–16], and
medicine [9, 17], among many others [18–20]. Therefore, the fabrication of NP assemblies has gained an enormous amount of attention in recent literature. Several
methods have been successful in the fabrication of NP-based structures through solid
state transfer [21, 22] or direct writing/printing [23–25], entropic and surface driven
assembly [26–31], as well as evaporative assembly techniques [2, 32–35]. These methods have successfully engineered assemblies in many forms, such as films [8, 36–40],
fibers [41,42], rings [43], helices [44,45], and ribbons [2,21,34,46]. However the majority of these techniques are inherently limited by complex manufacturing, scalability
of sub-micron structures, and inefficient throughput.
While there are many assembly methods available, we focus on those that depend
on solvent evaporation to control structure formation, inspired by a phenomenon
known as the “coffee ring” effect [47]. These methods are attractive because they
are relatively straightforward and versatile, easily scalable, and efficient, overcoming

5

many disadvantages of other methods. Geometric confinement of the evaporating
solution has been shown to control the position or size of structures, however even
these techniques lack the ability to create sub-micron structures with control over
their exact positions [32, 48–51]. We will show that through optimization of solution concentration, stopping time, and controlled substrate translation, combined
with extreme geometric confinement of the evaporating solution, coffee rings may
be generated with programmed dimensions, positions, and patterns. Before describing geometrically confined evaporative assembly in detail, first a brief explanation of
coffee rings is useful.

1.3.1

The coffee ring effect

When a static volatile droplet of a particle-filled liquid is placed on a surface, it
leaves a pattern of particles upon evaporation of the liquid. This is clearly seen in common liquids, such as spilled red wine or coffee, hence the name. For sessile droplets,
a characteristic ring is seen around the perimeter of the dried droplet rather than a
uniform film. In 1997, Deegan and coworkers [47] showed that this is due to nonuniform evaporation rates along the position of the droplet, which is dependent upon
pinning of the 3-phase contact line. As the edge evaporates, capillary force defines the

Figure 1.3: The coffee ring effect. (A) A dried, spilled droplet of coffee showing a
denser perimeter. (B) Particles moving to the edge of a droplet during evaporation.
(C) The non-uniform flow and evaporation rates of a drying droplet. Images B and
C are reprinted from ref [47].
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spherical cap shape and liquid from the center of the droplet attempts to replenish
this faster evaporating region, providing a fluid flux towards the pinned contact line.
The non-volatile coffee particulates are also driven to the edge of the droplet with the
evaporating liquid (Fig. 1.3(A-C)), and since the particles are non-volatile, they are
trapped and assemble at this three-phase contact line. When sufficient particles are
deposited at the edge and enough liquid has evaporated, the contact angle exceeds
the critical contact angle (i.e. the capillary force induced by surface tension is greater
than the pinning force) and the contact line “slips” to the next stable position and
“sticks” until the same event occurs, leaving multiple concentric coffee rings. This is
generally known as the “stick-and-slip” mechanism.
Generally, the geometric constraint that the droplet maintains a certain surface
tension-defined shape combined with the outward flow of solutes driven by edge evaporation leads to the formation of patterns. The geometry and contact angle of the
droplet, as well as the evaporation rate of the solvent strongly defines the deposited
assembly at the meniscus. As a droplet dries, there is a change in the shape of the
spherical-cap due to the competition between the pinning force and the surface tension of the droplet. For aqueous solutions, surface tension is relatively high, providing
a high contact angle and hence a large droplet height. This gives solutes more space
to flow within the droplet and to deposit at the edge. Together with slow evaporation
rates, this leads to larger, less controlled pattern formation. Therefore, using lower
surface tension fluids with more geometric constraints and relatively fast evaporation
rates suggests the ability to produce smaller depositions. We will address these ideas
in the next section and chapter 2.
In addition to this general mechanism for ring formation, a number of other variables has been reported to affect the assembly of particles at the perimeter of the
droplet. For example, Marangoni flows that depend on a gradient of surface tension
inside a droplet can actually re-suspend the particles into the liquid droplet if un-
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controlled [52]. These flows go from lower surface tension regions to higher surface
tension regions, which often opposes the evaporation driven coffee ring formation.
However, this is easily controlled by mixing of two different solvents of known surface
tensions, such as alcohol and water for example, which causes the so called “tears of
wine.” Moreover, there are many other important aspects of coffee ring formation,
including particle shape distribution [53, 54] and evaporation rate [55]. While much
effort has been put forth in understanding the details of the particulate flow and
stick-slip mechanisms of drying sessile, particle-filled droplets [32, 47, 52–54, 56–58],
we focus on how to control pattern formation of evaporating solutions.

1.3.2

Controlled evaporative assembly

The evaporation and pattern formation of a solution’s solutes has been increasingly
studied as a facile way to create desired structures on flat surfaces. Such methods
are generally known as evaporative assembly. This ability to control the resulting
pattern may lead to a wide range of potential applications with a lithography-free
and easily scalable technique towards hierarchical structures. In particular, a range
of well-controlled approaches have been recently developed that rely upon geometric
confinement of the evaporating solution. Examples of these include, but are not
limited to a curved surface placed above a flat substrate (Fig. 1.4(A)) and two
parallel plates with one moving relative to the other (Fig. 1.4(B)).
The confined geometries provide special control over the shape of the evaporating
droplet and its contact line, and hence over the outcoming patterns, which may
be made with a range of NPs or polymers. In these cases, balance between the
pinning force and capillary force is controlled, leading to control over the stick-slip
motion of the evaporating meniscus. For curved-on-flat geometries, the capillary
forces are related to the radius of curvature of the evaporating meniscus, which is
governed by the curvature of the top-confining shape, leaving well defined gradient
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patterns [32, 48–50]. However this always produces gradient structures that cannot
be identical to one another, which is a requirement for most applications. For the
two-plate geometry, the stick-slip motion is dictated by the both the concentration of
the solution and velocity of the moving plate, leading to regularly spaced ribbon-like
structures of a certain size by following the shape of the front edge of the plate [51].
However, this method cannot provide complex patterns from sub-micron structures
with control over the ribbon spacing. In both of these techniques, the stick-slip motion
is strictly bound to the physics of the evaporating contact line and are limited in
their ability to confine the solution to extremely small dimensions. We will show in
the following chapter that more control over the size, inter-spacing, and pattern of
NP-polymer ribbons and structures is possible by our technique, which relies upon

Figure 1.4: Controlled evaporation through geometric confinement. (A) A triangular
shaped top-confining geometry on a sessile evaporating droplet, leaving well-defined
concentric ring patterns. (B) Confined droplet between two parallel plates where one
is moving at a controlled velocity, generating line structures. Images are reprinted
from ref [50] and [51].
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programming the stick-slip motion of a highly confined low surface tension solution
[2, 10, 34].

1.3.3

Mechanical properties of nanoparticle-based materials

NP-based hybrid assemblies are emerging as a new class of materials. For these
materials and structures to be implemented however, they must be able to have predictable mechanical properties. NPs are typically assembled into desired geometries
and structures on hard substrates, making it difficult to study the fundamental mechanical properties of the assemblies. Likely due to the lack of precise off-substrate
fabrication methods and force-displacement resolution of measurement techniques,
the mechanical properties of NP-polymer hybrid assemblies is growing but not nearly
all-inclusive in literature.
Although mainly limited to small size scales, significant advancements have been
made in measurements on NP-polymer materials. For example, it has been previously
reported in composite thin films that when the volume fraction of inorganic NPs
(tailored with short organic ligands) is above a critical value, the modulus and strain
to failure diminishes (Fig. 1.5(A-B)) [37,59,61]. These measurements were on polymer
composite films and limited to the size of a TEM grid, which was used to measure
the applied strains. By indentation and compression measurements, the modulus
of various NP films supported on substrates have been measured (Fig. 1.5(C)) [60,
62–67]. However, the information obtained from these tests are typically localized
at the point of the small indentation and the substrate effects can be difficult to
decouple. Off-substrate measurements by nanoindentation or bulge tests have been
recently shown on both monolayer and thick crystalline NP films placed over an
open hole (Fig. 1.5(C-F)) with reported elastic modulus values of the order ∼GPa
[38, 40, 60, 63, 68, 69]. These assemblies had a maximum diameter of ∼ 70 − 100 µm,
depending upon the film thickness, and exhibited little strain before their ultimate
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failure. In this thesis, rather than focusing on small area films, we look at NPbased hybrid structures that are placed in special geometries, specifically focusing

Figure 1.5: Mechanical properties of nanoparticle-based materials. Decreases in (A)
modulus and (B) strain to failure seen in polymer-NP composites with high fractions
of NPs. Indentation measurements of (C) on-substrate and (D) off-substrate NP films.
(E) The force-displacement curves for off-substrate indentations on increasingly thick
films (increased thickness leads to higher forces). (F) Modulus values determined by
indentation measurements, which typically show a relatively scattered range. Images
are reprinted from refs [37, 38, 40, 59, 60].
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on high aspect ratio ribbons with macroscopic lengths (i.e. mm or greater) without
sacrificing nanoscale thickness. These geometries, including helices and fabric-like
structures, provide a route to optimize properties that lead to hybrid NP structures
with flexibility and high stretchability in two and three dimensions across meso- to
macroscopic size scales. This offers NP-polymer structures with versatile properties
that may be controlled by both materials properties and geometry for a wide range
of applications.

1.4

Geometric considerations and elasticity

The geometry of structures is important in determining the overall mechanical
properties of the object and is particularly relevant in this thesis. While basic geometry is typically first presented to us in grade school, geometric considerations in
our everyday lives rarely become a focus thereafter. However, geometry plays one
of the most critical roles in constructing useful products and structures. In a simple
example, a sheet of paper is designed to be flat, such that it is easy to write, yet thin,
so that it may be lightweight, foldable and space efficient. Imagine having a sheet of
paper where the cross-sectional shape is a square, rather than a very thin rectangle,
as illustrated in Fig. 1.6(A). While its flatness would still provide ease of writing, it
would not fold or bend, it would be rather bulky, and it would be difficult to transport, in a folder for example. Paper is just one case demonstrating the importance
of cross-sectional geometry in the function of an object.
Aside from cross-sectional geometry, overall structural geometry also plays an exceedingly important role in an object’s functional properties. A simple example of
this concept is given by a helical spring, which can be stretched and compressed with
little stress imposed on the actual material. This leads to another modifiable handle,
alongside intrinsic materials properties and cross-sectional geometry, to control and
manipulate functional materials. Consider a long rod of some arbitrary length under
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Figure 1.6: Geometric considerations for cross-sectional and global shapes, showing
the importance of geometry. (A) Thick and thin cross-sectional geometries with
equivalent area under the same small force. A thick cross-section does not deform,
whereas a thin cross-section can easily bend in that direction (or deflect under different
loading conditions). (B) 2D projection of helical rod compared to a straight rod, in
which the helix shape can be stretched or compressed easily under axial forces and
the straight geometry is limited to intrinsic material properties.

an applied tension force (see Fig. 1.6(B)). The rod’s strength is high, however, its
stretchablility is limited solely to the properties of the material itself. Now consider
that same rod formed into a helical shape and then placed under the same tension
force. While the strength of the spring is lower, it may now stretch (or compress)
through the deformation of the helical geometry. By combining the intrinsic properties of the material, as well as the geometry of the helix and the shape and dimensions
of the cross-section, the overall mechanical properties of the structure can be tuned to
a desired specification. Thus generally speaking, it is the intimate connection between
materials properties with geometry that leads to efficient design of structures.
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1.4.1

Elasticity of slender objects

This thesis focuses mainly on slender objects (i.e. ribbon-shaped rods) and their
mechanics. This section serves to provide a brief introduction to elasticity and slender
shapes. Solid materials are usually defined by their intrinsic materials properties.
That is, properties that are independent of the size and shape of the structure, such as
Young’s modulus, shear modulus, and density for example. These intrinsic properties
are used to define a material’s response to some external stimulus (i.e mechanical
stress).
In elasticity theory, strain () is defined as a change in geometry when placed
under a mechanical stress (σ). These two physical quantities are linked by the Young’s
modulus (E) materials property through the constitutive relation known as Hooke’s
Law:
σ = E

(1.1)

This simplified form states that the material will deform linearly with an applied
mechanical stress. If a material satisfies this equation, it is considered linear elastic,
a common approximation for response in the small strain regime. In this thesis, we
often take this approximation, which is valid when small material strains are imposed,
and any nonlinearities are an outcome of geometric considerations. As opposed to
material nonlinearity where the stress-strain curve generates nonlinear behavior, a
geometric nonlinearity does not depend on the material but the changes in geometric
configurations of the structure. For example, it may be easy to imagine taking a short
spring of finite length and stretching it. Consider just one or two turns from the helix
in Fig. 1.6(B) (also see Fig. 1.7). As it is being stretched, the pitch will continuously
increase and the radius will decrease, leading to a changing spring stiffness and hence a
nonlinearity in the force-displacement relationship. At first the pitch increases more
rapidly than the radius decrease and nonlinearity is not as prominent; this is the
common way to define a spring constant, or stiffness. When the spring is stretched

14

even more, large changes in the pitch and radius lead to significantly higher stiffness.
Ultimately when the spring is stretched to its full capacity, the stiffness increases
dramatically and is defined by properties of the material of the straightened rod.
For thin, solid objects, it is often easier to define the mechanics taking an energy
approach, rather than balancing forces and torques. The elastic energy of a rod is
obtained by integration of the stress over the volume (V ):

Uelastic

Z

1
=
2

σdV

(1.2)

This integration, under the assumption of a single bending direction, gives the bending
energy along the total rod length L, as:

Ubend

1
=
2

L

Z
0

EI
ds
R2

(1.3)

where R is the radius of curvature of the bent rod, I is the moment of inertia of the
cross-section, and s is a length coordinate on the rod. Similarly, the twist energy is
provided by integrating over shear stresses, giving:

Utwist

1
=
2

Z

L

GJτ 2 ds

(1.4)

0

where τ is the twist of the rod, G = E/2(1 + ν) is the shear modulus (with ν as
Poisson’s ratio), and J is the moment of twist of the cross-section. The total energy
of the rod is then given by combining the bending and twisting energies as:

Uelastic

1
=
2

Z
0

L



EI
2
GJτ + 2 ds
R

(1.5)

This general form for the elastic energy of a rod will be utilized in following sections
of this thesis. In particular, we use these equations for helically shaped rods with
ribbon-like cross-sectional geometries.
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1.4.2

Geometry of a helix

Figure 1.7: The shape of a helical structure. Schematic drawing of a short helix
section, showing important geometric parameters to define the geometry of the structure.

The shape of a helical structure is displayed in Fig. 1.7. Conceptually, a helix is
simply a rod of contour length L, which has been wrapped around a cylinder such that
the helix has a certain pitch p, and radius R, where R is the radius of the cylinder.
A helix is unique in that when it is uniformly distributed, it has an angle between
the central axis of the wrapped cylinder and the tangent of the helix that is constant.
This is known as the pitch angle, α, which is related to the helix pitch and radius
through:
tan α =

2πp
R

(1.6)

and a common method to define a helical geometry. However throughout this thesis,
we will consistently define the geometry of helices through more intuitive parameters,
such as the pitch and radius, as well as the contour length and axial length. With
these properties, we are thus able to define the curvature and twist of the slender
structure in helical conformation which will be detailed in following chapters.
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CHAPTER 2
MACROSCOPIC POLYMER-NANOPARTICLE
STRUCTURES BY FLEXIBLE BLADE FLOW COATING

2.1

Introduction and background

Hierarchical structures that extend over several order of magnitude in dimensions
offer extreme multifunctionality by providing different properties at different length
scales. As presented in Chapter 1, natural and synthetic structures offer great examples of hierarchical structures (i.e. tissues and fabrics). In particular, fabrics
represent an intricate example of macroscale hierarchical materials, comprised of individual micron-scale fibers (Fig. 1.1(A)) arranged into continuous structures fabricated easily on extremely large scales (kilometers or greater). Such materials possess
properties provided by the fiber itself, as well as from the ensemble capabilities that
balance strength and density, and allow draping [70] over three dimensional objects
(Fig. 1.1(A)). Beyond conventional fabrics, relatively few examples of hierarchical
materials have been developed with the ability to tune function and response across
a significant size range.
The ability to prepare materials that resemble fibers and fabrics by “stitching”
NPs into hierarchical structures that extend to macroscopic length scales, without
sacrificing the inherent properties of the NPs, would establish a broad and novel platform for advanced technologies. While many NP-based patterns have been produced
by various techniques, such as dip coating [71,72], electron-beam lithography [73], microcontact printing [21, 74], wet stamping [75], and dip-pen lithography [76, 77], each
of these methods has inherent limitations associated with complexity, cost, scale,
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and/or throughput. Evaporative assembly overcomes many of these disadvantages,
but still lacks precision on sub-micron size scales. Most problematic for all these
methods is the inability to efficiently create hierarchical structures beyond a few microns, or far into the “macroscopic scale” (centimeters or larger), with an associated
lack of effective chemistry to produce robust (i.e. free-standing) materials at these
length scales [34, 40]. Using CdSe quantum dots (QDs) and gold NPs, we combine
unique assembly processes and tailored polymeric and small-molecule organic ligands
to create ribbons that can be a single NP thick (in the z plane), as thin as 200 nm
in width (x-y plane), and as long as 10 cm or more. Moreover, these structures can
be lifted from their underlying substrate to afford flexible NP-hybrid materials and
structures.

2.2

Background on flow coating

Our group has previously developed a method that geometrically confines an evaporating solute-filled solution under a rigid razor blade (Fig. 2.1(A)) [34] to create
line-based structures. Briefly, a rigid razor blade is positioned above a flat substrate
and a dilute NP solution is introduced between the blade and the substrate, at which
point capillary forces hold the solution in place. Similar to the coffee ring formation
phenomenon, solvent evaporates fastest at the blade front and solutes transport with
the evaporating solvent to the three-phase contact line, assembling into ribbons. A
programmed stage controls the translation profile of the underlying substrate, such
that the solute deposits when the meniscus front is stopped and slips, without deposition, when it is moving above a critical velocity (Fig. 2.1(B-C)).
To examine NP structures as independent materials, they were lifted from the
underlying substrate support. To first create connected NP structures, polystyreneand vinylbenzene-functionalized ligands were crosslinked by UV irradiation. Subse-
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Figure 2.1: Rigid blade flow coating approach to create ribbons on a flat substrate.
(A) Experimental setup. (B) Stop-and-go velocity profile. (C) Fluorescent QD ribbons created on a substrate. Ribbons released from underlying substrate by HF with
(D) vinylbenzene and (E) polystyrene ligands. Reprinted from ref [34].

quently, the ribbons were released from their underlying native oxide silicon substrate
by etching with hydrofluoric acid (HF), as demonstrated in Fig. 2.1(D-E).
While these methods were demonstrated to be able to create on-substrate ribbons with reasonably good precision and small dimensions, some key challenges are
remaining to be addressed. This includes limitations in the minimum ribbon width
and spacing between ribbons, which were limited to ∼ 1 and ∼ 10 µm, respectively.
Difficulties in both alignment of the blade with the substrate and control of liquid
volume upon evaporation caused large defects and non-uniformity along the ribbon
length, which led to shorter ribbons upon lift-off due to these points of fracture. This
releasing process also suspended structures in a less-than-ideal HF fluid. Moreover,
the rigid razor blade was not able to be shaped, and thus was only able to create
straight lines on the substrate. In this chapter, we utilize flexible blade flow coating,
combined with a new releasing process and chemistry to overcome these limitations.
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2.3

Flexible blade flow coating

In flexible blade flow coating, we exploit the elasto-capillarity of a NP or polymer
solution trapped beneath a flexible blade to control the evaporative assembly of solutes into complex, centimeter-scale structures with nanometer-scale cross-sections.
In much the same way paint brushes generate uniformly thin coatings, where elasticity
of the bristles balance capillary forces exerted by the paint, our flexible, elastic blade
balances capillary forces to minimize the meniscus of an evaporating solution during
flow coating. While flexible blade flow coating has many similarities to using a rigid
blade, there are many distinct advantages which are presented below. In addition
to the fabrication process, we exploit new crosslinking ligands to afford robust structures that may be lifted from their substrate as continuous, macroscopic structures.
We note that although many materials may be used in this process (demonstrated in
later chapters), this chapter focuses mainly on NPs.
Fig. 2.2(A) depicts the experimental design where the blade, which is a thin
polyethylene terephthalate (PET) film chosen for its solvent resistance, forms the top
confining boundary for a NP solution. Scoring the film ∼ 1.2 mm from the front
edge (Fig. 2.2(B)) has two advantages. First, it presents a hinge-like mechanism,

Figure 2.2: Flexible blade flow coating. (A) Schematic diagram depicting the flexible
blade flow coating evaporative assembly process. (B) Side view optical image of the
scored region of the PET blade, showing the hinged notch. (C) CdSe QD ribbons on a
flat surface created by flexible blade flow coating with ∼ 1.5 µm spacing. Inset: TEM
image of the edge of a ribbon, showing high density of QDs, scale bar 100 nm. [2].
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increasing its conformability to the substrate. Second, it provides a “solvent reservoir”
that controls the size of the capillary zone while solvent is evaporating. The scored
region is placed approximately 5 µm above the flat substrate, and a dilute solution of
NPs is introduced. Capillary forces trap the solution under the blade into the solvent
reservoir, and solvent evaporation drives solutes to the contact line. Following a
prescribed time to form an individual ribbon, translation of the substrate stretches
the meniscus until the contact angle decreases below the critical receding angle, at
which point capillary forces exceed the pinning force and the contact line moves to a
new position. While the same principle in evaporative deposition leads to the wellknown coffee ring formation [47, 57], the capillary force here constrains the assembly
to a very narrow gap of molecular dimensions [78], producing small ribbons (submicron) that can be closely spaced (sub-micron) with high NP packing density, as
demonstrated in Fig. 2.2(C). The uniformity along the ribbon is clearly improved
over the rigid blade shown in Fig. 2.1(C) (note difference in scale). This small gap
decreases the pinning time (∼ 0.05 s) of NPs at the contact line, affording smaller
dimensions and finer control over the convective assembly process compared to other
evaporative methods. Although alternative processes, such as dip-pen lithography,
use small gaps to assemble nanoscale objects [76, 77], combining capillary forces with
the flexible blade imparts a self-regulating mechanism for maintaining a consistently
narrow gap across the macroscopic blade length (of cm or greater), eliminating the
need for complex feedback systems to manufacture sub-micron components.

2.4
2.4.1

Experimental details
Materials

To prepare substrates for flow coating ribbons, silicon wafers with native oxide
layer (University Wafer, Inc.) and glass slides (Fisher Scientific) were rinsed successively with soap and water, acetone, and isopropyl alcohol for 20 minutes each in a
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Figure 2.3: Materials used for flow coating. (A) Schematics of polystyrene-azide
(PSAz), undecenethiol (UDT), and oleic acid (OA) ligands. Zoomed TEM images
of a middle section of ribbons created by flexible blade flow coating with (B) PSAz
ligands and (C) UDT ligands, showing a distinct difference in organic/inorganic ratio
(lighter color is organic material). PSAz-coated CdSe QDs are ∼ 30%wt inorganic
while UDT-coated QDs are ∼ 70%wt inorganic.

water sonication bath (Fischer Scientific). Substrates were then dried with a filtered
stream of compressed air. The substrates were then treated with a UV ozone cleaner
(model 342, Jelight Company, Inc.) for 15 minutes before spin coating 1-1.5 % by
weight polyacrylic acid (PAA, Mw 1800, Sigma-Aldrich) aqueous solution at 3000
RPM for 30 seconds and allowed to air dry for at least 8h. Undecenethiol (UDT)covered QDs (≈ 8 nm in diameter), polystyrene-azide (PSAz)-covered QDs, oleic
acid (OA)-covered QDs, and gold UDT-NPs (≈ 5 nm in diameter) were dispersed
in distilled toluene with concentrations ranging from 0.1 mg/mL to 1 mg/mL (Fig.
2.3). PSAz ligands are ∼ 12k g/mol, thiol-terminated polystyrene macromolecules
having ∼ 15 mole percent azidomethyl styrene comonomers. PSAz-coated CdSe QDs
have ∼ 30%wt inorganic fraction and UDT-coated CdSe QDs are ∼ 70%wt inorganic,
which was determined by thermogravimetric analysis (TGA). For details on the syn-
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thesis of tailored NPs, see ref [2]. For polydimethylsiloxane (PDMS) experiments, we
use Dow-Corning Sylgard 184 mixed at a 10:1 prepolymer:crosslinker ratio by weight.
All solutions were filtered through a PVDF membrane with a pore size of 0.2 µm
(Whatman, Inc., Piscataway, NJ) prior to use for flow coating.

2.4.2

Flow coating setup

The flexible blade flow coating setup consists of a thin blade as described above,
connected to a linear nanopositioning actuator (Inchworm 8200, Burleigh Instruments, Inc.) controlled by a LabView software-computer interface (National Instruments). The blade is a thin (80 µm) sheet of PET that was rigidly clamped at a
40◦ angle to the vertical translation stage with controlled rotational capabilities. The
PET blade was scored 1.2 mm from the edge to make a hinge using a dull knife edge
and ruler and placed ∼ 5 µm above a flat substrate. A dilute solution (3-5 µL, 0.1-1.0
mg/mL) was injected into the channel between the blade and the substrate, which
was fixed on the linear translation stage. As capillary force traps the solution between
the blade and substrate, a motorized stage translates the underlying substrate over
a programmed distance (700 nm or greater) with intermittent stopping times (0.05
s or greater). A microscope (VZMTM 1000i, Edmund optics) with a digital camera
(EO USB 2.0, Edmund optics) was used to provide direct observation of the side-view
of the flexible blade. For nonlinearly shaped assemblies, the blade is cut by a razor
to the final desired shape (such as saw-tooth patterns, sinusoidal waves, and various
letters).

2.4.3

Gap distance

To constrain the NP solution to small dimensions, we utilize a flexible PET film,
such that when a solution is introduced, capillary forces pull the flexible blade down
towards the surface by elastocapillary deformation. Quantifying the gap distance (G)
between the surface and the PET blade was accomplished by utilizing optical pro-
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filometry to measure the step height (MH ) of the blade to the substrate as illustrated
in Fig. 2.4(A). The PET film thickness, tP ET , was measured via optical microscopy
and the gap distance was then calculated as:

G = MH − tP ET

(2.1)

Upon injection of liquid, the PET film is pulled towards the substrate, as demonstrated in Fig. 2.4(B). This also shows that the gap distance is ∼ 1 − 2 µm with
little change as a function of injected volume. When the film thickness is increased
to tP ET = 125 µm, capillary forces are not sufficient to bend the film to decrease the
gap distance. Although this method is not a direct observation of the gap and thus
limited in resolution, this sufficiently displays that G is around ∼ 1 µm or less.

Figure 2.4: Gap distance between PET blade and substrate. (A) Schematic of measurement technique to determine gap distance and (B) the measured gap distance as
a function of injected volume of solution and PET film thickness.

2.4.4

Crosslinking and release

A PAA thin film, used as a sacrificial layer, was prepared by spin coating a solution
of PAA on a Si wafer or glass slide. That coated substrate was subsequently used
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for flow coating. QD patterns were crosslinked inside an ultraviolet crosslinker box
(CL-1000 UVP, 302 nm) or UV lamp (Newport) for 20 min at room temperature.
After UV-exposure, water was added to the edge of the substrate to dissolve the PAA
layer, releasing the patterns from the underlying substrate at the air water interface.
For releasing fabrics into 3D fluid, the entire substrate was submerged into a shallow
water bath.
Various approaches were taken for wrapping experiments. Solid sphere wrapping
experiments were conducted by positioning glass spheres (diameter: 300 µm) underneath fabrics floating at the air-water interface, and the NP fabrics wrapped around
the spheres upon the evaporation of water. For graphite rods (diameter: 500 µm),
the rod was positioned underneath one side of a floating fabric, picked up, and rolled.
For wrapping bubbles, a small amount of surfactant (propylene glycol n-butyl ether
or Ajax) was added to the water bath containing submerged NP ribbons or fabrics.
For droplet wrapping, organic solvent (chloroform or toluene) was added to the water
bath with a small amount of agitation.
For transferring structures over to PDMS thin films, PAA is coated onto two
substrates. One is used for flow coating structures and the other is used to spin-coat
PDMS. A diluted PDMS solution in toluene is used to spin-coat this thin PDMS film.
The ribbons or fabrics are then placed into direct contact with the PDMS, and water
is introduced at that interface to transfer the structures (making sure the lateral area
of the PDMS is larger, such that the PDMS does not float). The PDMS may then
be cut into the desired size and floated. Alternatively, PDMS may be spin-coated
directly onto the ribbons or grid structures to create a bilayered composite.

2.4.5

Characterization

Fluorescence microscope images were obtained by an inverted fluorescence microscope (Axiovert 200M, Zeiss) and a reflected fluorescence microscope (Olympus BX51

25

equipped with a CCD camera DP71). AFM images were taken of ribbons fabricated
on a hard substrate by using a scanning force microscope (Dimension 3100, Nanoscope
III, Digital Instrument Co., Santa Barbara, CA) in tapping mode. Nanoscope and
Gwyddion software was used for AFM image processing and analysis. For TEM
imaging, ribbons were floated with water and picked up on a copper grid and imaged
on a JEOL 2000 FX MARK II TEM operating at a 200kv accelerating voltage. To
measure the gap between the PET and substrate, an optical profilometer (NewView
7300, Zygo Corporation) was used. TGA (TA Instruments, Q500) was used to extract
the fraction of inorganic to organic material in our NPs by ramping the temperature
well above the decomposition of organic material (700◦ C).

2.5
2.5.1

Results and discussion
Ribbon size and spacing

Flexible blade flow coating is able to create on-substrate ribbon patterns with a
wide range of spacing between structures, from as little as ∼ 700 nm up to several mm
or greater. By controlling the programmed spacing in combination with the solution
concentration and stopping time, ribbons can be created with various spacings and
dimensions. Shown in Fig. 2.5 are ribbons of OA-QDs from a toluene solution, where
spacings are regularly positioned down to about 2 µm. Notably, all of these spacings
surpass the limitations of the rigid blade setup. When the programmed spacing is set
to 1 µm, the resulting spacing is ∼ 1 µm with some sections showing slightly higher
spacings (< 2 µm). Additionally, the minimum ribbon widths that were successfully
created with these parameters was ∼ 400 − 500 nm.
To achieve ribbons with even smaller ribbon dimensions, we utilize a mixed solvent system to enhance convective flow in the highly confined geometry. The presence of a miscible “enhancing solvent” with a lower boiling point (b.p.) and lower
surface tension (γ) than the main solvent creates a surface tension gradient that ac-
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Figure 2.5: Ribbon spacings made with flexible blade flow coating. OA-QD ribbons
with different spacings of (A) 5 µm, (B) 3 µm, (C) 2 µm, and (D) 1 µm, all of which
are smaller than the limits of rigid blade methods.

celerates convective flow and strongly drives NPs to the contact line. As reported
previously [79, 80], for a primary (> 50%) solvent with a higher surface tension and
higher boiling point as compared to a minority solvent, the primary solvent dominates the solution composition at the edge of an evaporating meniscus due to the
increased evaporation rate of the minority solvent (relative to the primary solvent).
This increases the composition of the primary solvent, causing the front edge of the
meniscus to have a higher surface tension as compared to bulk region of the solution,
inducing a Marangoni flow from the solution interior towards the meniscus edge. This
flow enhances the outward convective flow of the solutes, allowing uniform NP ribbon
assemblies to develop at shorter times with denser packing. Hence, ribbons with decreased cross-sectional dimensions can be achieved since the cross-sectional geometry
is directly related to the required assembly time [34].
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Figure 2.6: Minimized ribbon dimensions by mixed solvents. (A) AFM image and
schematic of evaporation with toluene solution. (B) AFM image and schematic of
evaporation with 15% addition of cyclohexane, providing an additional Marangoniinduced flow.

Using toluene as the main solvent (85% by volume, b.p ∼ 110.6 ◦ C, γ ∼ 28.5
mN/m) and cyclohexane as the enhancing solvent, (15% by volume, b.p ∼ 80.7 ◦ C,
γ ∼ 25.0 mN/m) solutions of CdSe QDs (∼ 8 nm diameter) functionalized with their
native OA ligands were used to generate NP ribbons with unrivaled dimensions: 10
cm in length, sub-micron (∼ 200 − 250 nm) in width, and approximately monolayer
(< 10 nm) in thickness (Fig. 2.6(B)). Ribbons with such dimensions can be deposited
with a spacing (d) as small as ∼ 700 nm by controlling a periodic translation of the
substrate [2]. To confirm this mixed solvent system, using dichloroethane in place of
cyclohexane (15% by volume, b.p ∼ 83.5 ◦ C, γ ∼ 33.3 mN/m) revealed ribbons with
a minimum width of > 600 nm. The optimum stopping time (ts ) for ribbon formation
was 0.05 s, while fast acceleration proved critically important since a critical velocity
must be exceeded to prevent NP deposition between ribbons. The combination of fast
velocity, short stopping times, and uniformity along the blade width (bw ) allows ribbon
segments to be produced at vribbon = bw /(ts + d/v) ∼ 2 m/s. Overall, the dimensions
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and rates achieved with this process are significantly smaller and faster, respectively,
than previously published results using other evaporative techniques [32, 34, 71, 72] or
fiber formation processes [81].

2.5.2

Fabric-like grids and complex patterns

Fabricating more complex patterns required embedding reactive functionality into
the ligand periphery of the NPs. In one example, CdSe QDs were functionalized with
PSAz ligands (see Experimental details). The pendant azides provide reactive sites
for UV-initiated crosslinking, and thus a means to quickly convert any NP pattern
into a robust material that resists dissolution in organic solvents. In a similar way that
fabric are created by integrating fibers into weaves, we integrate these ribbons into
fabric-like structures by depositing an initial set of ribbons, crosslinking them with
UV-irradiation, and then rotating the underlying substrate 90◦ for deposition of a

Figure 2.7: Fabric-like structure junction sizes and materials. (A) Single-component
PSAz-QD and (B) two-component (red/green) UDT-QD fabric-like structures with
30 µm spacing, exhibiting great uniformity over macroscopic lateral areas. (C) Gold
UDT-NP grid with 50 µm spacing, showing versatility in materials. Images of structures with (D) 20 µm, (E) 10 µm, and (F) 5 µm, demonstrating the ability to control
the mesh spacing between junction points.
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second set of ribbons (Fig. 2.7(A)). Without crosslinking the first set of ribbons prior
to deposition of the second set, fabric structures are not possible due to dissolution
of the first set of lines. We found that for polymer functionalized NPs, flow dynamics
were altered [82] in the narrow gap, and longer times for uniform assembly were
required [34], leading to wider ribbons of the order ∼ 1 µm or greater. Therefore,
functional small molecule ligands, such as UDT were also used effectively for creating
ribbons of sub-micron width with crosslinkability (Fig. 2.7(B and D-E)). These grid
structures are able to be created from a wide range of materials, as shown in the
red and green UDT-QD grid and the gold UDT-NP grid shown in Fig. 2.7(B-C).
Moreover, our technique allows for control over the spacing between junction points
of the mesh, as shown in Fig. 2.7(D-E).
In addition to straight, uniform ribbons, a wide range of patterns can be created
with flexible blade flow coating. Our method for ribbon formation proved amenable
to forming two-component structures, such as in the grid in Fig. 2.7(B). In another
example, “diblock ribbons,” as illustrated in Fig. 2.8(A), were prepared in which
distinctly green and red fluorescence is seen along the length of the structure with
a small mixed yellow central region, owing to the different CdSe QD core sizes used
(green fluorescence from 3 nm PSAz-QD and red fluorescence from 6 nm OA-QD).
These diblock ribbons were produced by slow and simultaneous injection of two different QD solutions from either side of the scored region. The self-regulating nature of
the capillary-defined gap allows this region to act as a confined channel, where lateral
diffusion of the solutions is slow relative to the kinetics of ribbon formation. This
permits the creation of many diblock ribbons without significant mixing of the QDs.
Moreover, since NP assembly occurs parallel to the contact line, the blade geometry determines the orientation and shape of the deposited assembly. Polymer films
are easily configured into complex designs, making the method adaptable to forming saw-tooth patterns and sinusoidal waves [2], in which NP deposition conforms
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Figure 2.8: Complex, multi-component patterns. (A) Schematic of diblock ribbon
formation and resulting fluorescence image of such ribbons. (B) Sinusoidal waves
crossed over into weaves with two components. (C) A five-component, centimeter
scale UMASS pattern written by flow coating. (reprinted from ref [2]).

to the shape of the blade design. By utilizing multiple components (i.e. QDs of
different core sizes), we constructed centimeter scale sinewave “weaves” (Fig. 2.8(B))
and wrote “UMASS” with five different colored QDs (Fig. 2.8(C)), representing a
centimeter-scale “penta-block” ribbon assembly. To make the cross-wave patterns, a
PET film is cut with a razor into a wave shape and used for flow coating to make the
first set of waves, which are crosslinked by UV irradiation. The second set is then
deposited by flow coating (30 µm spacing) with an offset to the first wave, leading to
a sine/cosine wave of two different colors. For writing “UMASS,” the PET is again
cut with a razor blade with the desired letters. The five different QD solutions are
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injected nearly simultaneously and then ribbons are created by flow coating (30 µm
spacings) to reveal the final desired pattern.

2.5.3

Release of ribbons from underlying substrate

To release the structures from their underlying substrates, we take advantage of a
low molecular weight (1800 g/mol), water-soluble PAA sacrificial layer. Prior to flow
coating, a thin PAA layer is spin-coated onto the substrate surface. Since PAA is
not soluble in toluene, we may then use flexible blade flow coating to deposit structures directly onto the sacrificial surface. After crosslinking the structures, water is
introduced at the edge of the substrate to dissolve the PAA layer, leaving structures
floating at the air-water interface (Fig. 2.9(A)). Specifically, a small 30G needle is
used to slowly introduce water at the edge, such that the water moves approximately
in the direction of the length of the ribbon. If water is placed such that water flows
perpendicular to the length, ribbons can break due to the high stress on the ribbon

Figure 2.9: Surface floating of nanoparticle hybrid ribbons. (A) Schematic of method
for floating NP structures on a surface, where water is introduced from the edge.
Fluorescence images of UDT-QD ribbons (B) during the floating process and (C)
floating on the surface with freedom to move around. (D) Floating PSAz-QD ribbons.
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since the far edges are still attached. Once floating, adding water from various directions provides additional stress by flow that lead to structure deformation. As
demonstrated in Figs. 2.9(B-C), crosslinked UDT-QD ribbons are able to be released
with high flexibility and without fracture over a large lateral lengths (∼cm). Fig.
2.9(B) is a snapshot of the moving water droplet front, visualizing the release process. These same procedures are possible with crosslinked PSAz-QDs, as shown in
Fig. 2.9(D). While these structural dimensions naturally afford the ribbons with a
great deal of flexibility (Fig. 2.9(C-D)), combining similarly sized organic or polymer
connecting ligands with rigid NPs on the order of a few nanometers offers a new
balance of mechanical properties that mimic those of single polymer molecules. Ribbons are virtually inextensible along their axis, controlled by the strength of covalent
bonds, yet bend with ease due to the rotational freedom of their inter-particle connectivity and thin geometry. The combination of length scales in the ribbons presented
here is unprecedented, and opens new avenues for creating flexible conductive and
semi-conductive materials shaped into a variety of simple or complex geometries.
As controls, we created ribbons of different materials with and without crosslinkability. If the ribbons are comprised of non-crosslinkable OA-QDs, we find easy
fracture of the structures upon lift-off from their underlying substrates, as shown in
Fig. 2.9(A). To confirm the crosslinking of the UDT ligands on the surface of the
QDs, we utilized a low molecular weight poly(ethylene glycol) (PEG) as the sacrificial layer, such that ribbons could be produced on an organic solvent-soluble surface.
Ribbons of UDT-QDs were flow coated onto PEG layers and released into chloroform.
Fig. 2.9(B) shows ribbons that were not exposed to UV, leading to full dissolution of
the ribbons. When the ribbons were crosslinked, they were able to be released into
organic solvent without dissolving (Fig. 2.10(C)). Since chloroform and our organic
UDT ligands lead to low interfacial tension, ribbons do not stay at the surface and
move into the liquid. This leads to helical-like structures which will be discussed in

33

Figure 2.10: Floating and crosslinking control experiments. (A) Non-crosslinkable
OA-QD ribbons show easy fracturing compared to crosslinked UDT-QD ribbons.
(B) UDT-QD ribbons unexposed to UV, dissolving away in chloroform. (C) UVcrosslinked UDT-QD ribbons in chloroform, showing solid ribbons with some coils
and turns. (D) 3D ribbon network floating inside a soapy water solution.

detail in following chapters. Moreover, releasing ribbons directly into a concentrated
soapy-water solution (Ajax in this case) leads to 3D networks of ribbons, displayed
in Fig. 2.10(D).
For blocky type ribbons, we may use any variety of ligand chemistry for each
of the separate blocks, leading to differing properties within a single structure. Exploiting the ligand chemistry of the block segments, we created a green block from
PSAz-QDs with an attached red block from OA-QDs. Upon exposure of the entire
sample to UV light, the green block crosslinks while the red cannot. Thus, the green
blocks remained intact upon releasing the structures from the substrate, while the
red blocks fractured rapidly (Fig. 2.11). Additionally, one may consider utilizing a
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similar technique with the multi-component NP fabrics which were created in Fig.
2.7(B). This ability to specifically control certain parts of the structure may be useful
for a wide range of applications, such as controlled delivery or responsive materials
properties for example.

Figure 2.11: Diblock ribbon release with different ligands. Released diblock ribbons
with a crosslinkable green PSAz-QD block and a non-crosslinkable red OA-QD block,
showing a fractured red block.

2.5.4

Release and manipulation of fabric-like structures

Similar to the lift-off process for the ribbons, fabric-like structures are created on
a PAA sacrificial layer and water is introduced after crosslinking the NP ligands. By
utilizing PSAz ligands, fabric structures are able to be lifted on the surface of water
with macroscopic areas (Fig. 2.12(A)). The flexibility and strength of these structures
is shown definitively in Fig. 2.12(B), where a small fabric section was deformed locally
by a needle. Compressive azimuthal strains near 100% are accommodated at the
point of contact, where the original 30 µm grid spacing collapses completely. This
intense strain concentration is enabled by the flexibility of the NP ribbon segments
between the fabric cross-junctions, allowing the initially flat structure to develop a
complex arrangement of positive and negative curvatures without folds or localizations
typically seen in continuous films and sheets.
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For UDT-QD fabrics, they are able to be floated in the same manner as PSAz-QD
grids with large macroscopic areas, as shown in Fig. 2.12(C). However, it should be
noted that relatively often the UDT-QD grids fractured (Fig. 2.12(D)). We attribute
this to the high stress concentration at the edge of the moving droplet of water used to
lift the grids combined with the more brittle nature of highly inorganic materials with
small organic spacers. Unlike the ribbons, these grids limit the 2D degrees of freedom
at the junction points, leading to higher local stresses during the floating process.
This is clearly demonstrated in Fig. 2.12(D) where one set of ribbons stays intact,
while the cross ribbons break at the junction points. One way to eliminate this 2D
stress concentration is to provide the structures more spatial freedom to move during

Figure 2.12: Floating PSAz-QD and UDT-QD fabrics on water. (A) PSAz-QD fabric
floating on the surface of water, showing structural continuity over macroscopic areas.
(B) PSAz-QD fabric-like structure locally deformed with a needle tip. (C) A twocolor UDT-QD fabric floating on water, showing flexibility. (D) A UDT-QD fabric
fractured by the floating process.
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Figure 2.13: UDT-QD fabric-like structures floating inside water. Releasing fabric-like
structures inside water provide 3D freedom, leading to both (A) structural continuity
over macroscopic areas and (B) high flexibility.

lift-off. Therefore, we placed the entire substrate into a bath of water, liberating the
fabrics from their underlying substrate with 3D freedom, mitigating any concerns of
stress concentrated at the junctions. As demonstrated in Fig. 2.13(A), UDT-QD
fabrics can be released with continuous, macroscopic areas in this manner. Moreover,
since the structures are provided 3D freedom, they are able to show extreme flexibility
and drapability (Fig. 2.13(B)).
Qualitatively, we find that these QD fabrics can sustain tensile forces, displaying
similar properties to fabrics. Rather than randomly breaking upon stretching, we
observe QD-based fabrics to tear in a manner resembling traditional, macroscopic
cloth (Fig. 2.14), where the grids often tear and “unzip” along the ribbon direction,
as well as perpendicular to the stretching direction when sufficient force is applied. It
should be noted that the tearing mechanisms are related to the angle of applied forces,
where in this case, boundary conditions on the fabric are not ideally controlled, leading
to off-angle forces. Nevertheless, particularly interesting is the ability to share forces
along the tear through connection of single ribbons within cracks, shown clearly in
the zoomed in sections in Figs. 2.14(B-C). Moreover, fractured surfaces have “frayed
ends,” as depicted in Fig. 2.14(D), a common trademark of torn fabrics. These
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Figure 2.14: Stretching and tearing of QD fabric-like structures. (A) Stretching
experiment where both sides of a QD fabric are attached and translated. Fabrics are
seen to wrinkle slightly and then fracture along the ribbon directions. Zoomed in
images of (B) the first small white arrow and (C) the second white arrow from part
(A), showing how ribbons can share forces within a fractured section. (D) Frayed
ends of a torn CdSe QD fabric structure, resembling traditional torn macroscopic
cloths.

fabric-like characteristics and ability to share forces strongly suggest the potential
of these structures to introduce new toughening mechanisms into advanced materials
composites, while simultaneously contributing unique properties provided by the NPs
(optoelectronic, electronic, or magnetic, for example).
Similar to conventional fabrics, the high modulus (∼ GPa) along the fiber, or
ribbon, does not inhibit its bending or ability to drape over 3D structures, properties
related to the hierarchical geometry of the assembly. As shown previously (Figs. 2.9,
2.12, and 2.13), both crosslinked NP ribbons and fabrics float freely at the air-water
interface, elongated and stretched across the surface, as well as within water with
3D flexibility. The length (L), width (w), thickness (t), and modulus (E) of the NP
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ribbons define its flexural stiffness as D = Ewt3 /4L3 . The centimeter-scale length and
nanometer-scale thickness of these ribbons combine to yield extremely low flexural
stiffness of ∼ 10−10 pN/µm, providing high flexibility with low strains. NP fabrics
with various mesh spacing were seen to conform to numerous solid surfaces with
non-zero curvature, including graphite rods of 500 µm diameter (Fig. 2.15(A)) and
silica spheres of 300 µm diameter (Fig. 2.15(B)) upon evaporation of water. With
the addition of a minor amount of surfactant or organic solvent, the NP ribbons
and fabrics were also seen to wrap oil-in-water droplets (Fig. 2.15(C)) as well as
surfactant air bubbles (Fig. 2.15(D)), driven by a reduction in the interfacial tension

Figure 2.15: QD fabrics wrapped around solid and liquid surfaces. (A) Fabric with a
2:1 composition of OA-QD:PSAz-QD rolled around a 500 µm diameter graphite rod.
Inset: a magnified image illustrating the conformability of the QD fabric accommodating the curvature of the cylindrical rod. (B) PSAz-QD fabrics wrapped around
300 µm diameter silica spheres. (C) PSAz-QD fabric wrapped around a chloroform
droplet. (D) Fabric with a 2:1 composition of OA-QD:PSAz-QD wrapped around a
surfactant air bubble. Inset: change of focus showing air bubble. Inset scale bars are
100 µm.
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of the system [83]. These properties of wrapping and two-dimensional flexibility are
distinct from their thin film counterparts that normally crumple and fold when placed
under similar geometric constraints.

2.5.5

PDMS-nanoparticle composite structures

In addition to utilizing functional ligand chemistry for crosslinking and controlling
the properties of structures, other methods may be used for extra control over properties. For example, additional components may be added to the flow coating solution,
leading to ribbons and fabrics made from multi-part composite materials (NPs, ligands, additional components). To increase the flexibility and toughness of structures,
one may consider using a tough elastomer, such as PDMS. We have created highly
stretchable structures comprised of QDs and PDMS, leading to a 3-part composite
with each part serving a purpose. In this case, QDs provide fluorescence, organic
ligands provide solubility, and PDMS acts as a toughing agent. To make such structures, a Sylgard 184 solution with 10:1 prepolymer:crosslinker is created in toluene
and mixed with an OA-QD/toluene solution, providing a 3:1 ratio of PDMS:QD at a
total concentration of 2 mg/mL. The solutions are subsequently used for flow coating
with a 35 µm spacing and 300 ms stopping time to make both ribbons and grids,
although in principle any concentration and flow coating parameters can be used. As
shown in Fig. 2.16(A), extremely tough fabrics can be created. In this particular
example, deformations with a needle leave permanent, high-strain localizations due
to the self-adhering of PDMS upon quick removal of the needle (5 separate needle
indentations).
Qualitatively, this shows that composite material structures act as a unified material, where the PDMS permits intense deformations while the QDs provide continuous
fluorescence. For PDMS/QD ribbons, extremely high flexibility is observed when released on a water surface. As can be seen in Fig. 2.16(B), achievable curvatures
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Figure 2.16: UDT-QD and PDMS composite ribbons, fabrics and films. (A) A fabric
comprised of OA-QD/PDMS composite material that is exposed to several needle
indentations, displaying a deformed, continuous fabric. (B) Ribbons floating on the
water surface made of OA-QD/PDMS composite material, showing extreme flexibility
and continuity. A bilayer composite of a UDT-QD fabric laminated with a PDMS thin
film being (C) stretched to over 300% and (D) compressed, showing great elasticity
and reversibility.

are observed to be much higher than that of the UDT-QD and PSAz-QD ribbons
(Fig. 2.9(C-D)), suggesting that these ribbons are much less brittle than QD ribbons
coated in small molecules or glassy polymers. This shows that the ribbon properties
can be tuned by additional components. It should also be noticed that these ribbons
are nearly 100% continuous where any broken sections may be attributed to a couple
experimental shortcomings, such as poor mixing of the PDMS at the evaporating
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meniscus. This is likely caused by choice of solvent, where the surface tension of
PDMS is lower than that of toluene, leading to non-ideal depositions. This issue can
be mitigated if the solvent is changed to heptane for example, however the correct
choice of ligands are required to increase solubility. Moreover, at these small concentrations and dimensions, crosslinking of PDMS from a dilute solution is not easily
controlled due to non-uniform mixing of the crosslinker within the ribbons.
In addition to independent ribbons and fabrics, these structures may also be integrated into other materials, like PDMS. Just as many traditional composite laminates
are made of assembled layers of fibrous structures, leading to many optimizations of
properties, we integrate these QD fabrics into PDMS layers. After fabrication of structures on flat substrates, they are transferred (via sacrificial layer) to a thin (3-5 µm)
PDMS film that is spin-coated (4:1 dilution of 10:1 PDMS with hexane) onto a PAAcoated substrate, creating a bilayerd composite. Alternatively, QD fabric/PDMS film
composite bilayers may also be created by spin-coating PDMS on top of flow coated
fabrics. The bilayer composite is then be released from the substrate onto the surface
of water. By stretching and then reversing, these composites are qualitatively seen
to be highly elastic. Fig. 2.16(C) shows stretching to over 300% strain while Fig.
2.16(D) shows that by reversing the strain, the structure is able to be recovered.

2.6

Conclusions

To summarize this chapter, we have developed and demonstrated a facile approach
to direct the assembly of a variety of nanoscale building blocks, including polymer
and small molecule functionalized NPs, to create robust hierarchical structures at
macroscopic length scales. The use of capillary forces to “self-regulate” the position of a flexible blade offers uniformity of convective flow and an extremely small
gap between the blade and substrate, leading to sub-micron ribbon dimensions (i.e.
nanoscale thickness and sub-micron width) without structural defects across large,
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macroscopic areas (up to several square cm). The use of a mixed solvent system
provides a secondary flow to strongly drive solutes to the edge of the blade, leading to even smaller ribbon dimensions and higher NP packing. By utilizing different
NPs, diblock ribbons, two-component fabrics, and other complex structures were
realized. By taking advantage of chemical crosslinking and the balance between inorganic nanoparticle and organic ligand sizes, continuous structures may have as high
as ∼ 70% inorganic content. We have developed a lift-off process that utilizes a low
molecular weight, water-soluble polymer as a sacrificial layer that allows structures
to be reproducibly released on and into water with high flexibility and mechanical
integrity. Fabric-like structures display fracturing patterns often seen in traditional
fabrics, as well as 3D drapability. Moreover, by integrating additional materials into
the structures, such as PDMS, an increase in toughness can be achieved. In general,
these NP-based structures are mechanically robust, flexible, freely floating, and deformable, thus offering an unprecedented paradigm for exploiting nanoscale objects
in macroscale materials.
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CHAPTER 3
HELICAL RIBBON FORMATION THROUGH
GEOMETRIC ASYMMETRY AND SURFACE FORCES

3.1

Introduction and background

Surface forces play a significant role in dictating the shape and mechanics of
easily deformable materials [84–89]. For example, in a common mixture of oil and
water, the power of surface forces is easily observed as they resist asymmetry and
cause immiscible phases to form droplets with perfect sphericity, illustrated in Fig.
3.1(A). This is a consequence of the system finding the lowest energetic state where
the interfacial energy minimizes by minimizing the surface area of the oil droplet.
However, when the immiscible phase is solid (i.e. soft polymer droplets), shape
changes are resisted by the physical properties of the solid and result in deformations
that minimize the system energy by balancing surface forces with elasticity, seen in
the rounding of square corners (Fig. 3.1(B)) [85].
These structural deformations scale with a characteristic size scale known as the
elastocapillary length, β. Defined as the ratio of surface tension to elastic modulus, this length β = γ/E, dictates the size and conformation of macroscopic objects
with extreme flexibility, like hairs or paint brushes wetted by water (or paint) where
a three-phase contact line is present [84, 88]. In contrast, when the object is not
subjected to the asymmetry of a three-phase contact line but instead completely submerged in water, shape transformations disappear and the power of surface forces
are no longer visible because capillary forces are no longer present. For this instance,
interfacial forces applied to a human sized object, like hair, creates distortions that
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Figure 3.1: The deformation of liquids or soft solids by surface tension. (A) Imagine
that square oil droplets can be placed into water. In this oil-water mixture, the
droplets form spheres to minimize the interfacial energy. However, when the oil is
solid (polymer droplets), the shape attempts to form a sphere but is not able and
finds a balance between elasticity and surface energy by (B) rounding its corners.

are excessively small [86], typically estimated to be on the order of nanometers or
smaller for high modulus materials (of several MPa to GPa). Consequently, these
shape transformations are neither assessable nor interesting. By taking advantage
of our ability to fabricate long ribbons with nanoscale thickness and geometrically
asymmetric cross-sections, helical structures are realized through 2-phase elastocapillary deformation of our solid ribbons using a wide range of functional, high modulus
materials [45].
Helical structures are important in a multitude of materials and biological contexts, from traditional macroscopic springs to nanoscopic double-stranded DNA, and
fundamentally interesting from the viewpoint of mechanics, nanoscience, and biophysics [90, 91, 93–96]. Helical structures have been developed by Nature in count-
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Figure 3.2: Examples from Nature of structures with helical geometries. (A) Hanging
plant tendrils, (B) opening of seed pods, (C) cholesteric crystallization, and (D)
Treponema pallidum, Syphilis causing bacteria. Images B-D are reprinted from refs
[90–92].

less examples, such as plant tendrils [95, 97, 98], seed pods [90], crystallized cholesterol [91,99–101], and duck penis [102] to name a few. Inspired by Nature, researchers
have been motivated to develop synthetic mimics that span several length scales.
While numerous examples of fabricating helices currently exist on the micro- and
nanoscale, the underlying mechanisms, which rely on spontaneous formation, are
mainly limited to bilayer systems [103–106] and chiral structures [101, 107, 108]. In
this chapter, we show that nanoscale geometry coupled with surface tension, rather
than imposed bilayer or chiral structures, can provide a unique and versatile mechanism to form helices of nearly any material class. This discovery opens new opportunities for three dimensional engineering with nanoscale organic or inorganic materials
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by using surface forces to serve the role that swelling has long played in controlling
shape and function of soft materials, such as gels and tissues [109, 110].

3.2
3.2.1

Surface induced bending of asymmetric ribbons
General concept for 2-phase elastocapillary helix formation

Elastocapillary deformation is defined by the balance between surface forces and
elastic restoring forces. Therefore, the driving force for spontaneous bending of ribbons into helices is the asymmetric reduction in surface area, made possible by a
nanoscale cross-sectional asymmetry (Fig. 3.3). Our method produces an approximately isosceles triangular cross-section that is inherent to the physics of evaporative
assembly [111, 112].

Figure 3.3: Asymmetric ribbon cross-sectional geometry by flow coating. (A)
Schematic drawing of the ribbon cross-section obtained by flow coating and (B) a
three-dimensional AFM image showing the actual shape of the ribbons experimentally.

To develop a model to explain how this balance occurs in bending of asymmetric
ribbons, we derive a relationship taking an approach that balances surface and elastic
energies. First consider a ribbon of length L, with a cross-sectional area A, which is
defined by a thickness (t) and width (w). In equilibrium, the total energy is comprised
of the surface energy and the elastic bending energy, given by:

δ

Utotal
L


= δUbend + δUsurf
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(3.1)

The bending energy is given by Eq. 1.3 with I ∼ wt3 for a helical ribbon with radius
R and elastic modulus E:
Ubend
EI
Ewt3
∼ 2 =
L
R
R2

(3.2)

and the surface energy is given by:
Usurf
= γ∆A
L

(3.3)

where ∆A is the change in the surface area with a given surface tension, γ. The total
energy is then given by:
Ewt3
Utotal
∼
+ γ∆A
L
R2

(3.4)

Minimization for R (by Eq. 3.1) provides the preferred equilibrium helical radius of
curvature, which scales as:
R∼

E 2
t
γ

(3.5)

demonstrating that the helix radius is strongly dictated by the elastocapillary length
and the ribbon thickness.
3.2.2

Quantitative description of helical radius

To describe this mechanism more quantitatively and generically, consider a crosssectional shape of a ribbon described by the 2D curve, X(g), with a center of area,
Xca , as described in Fig. 3.4(A). For a homogeneous elastic material, bending a
ribbon stretches and compresses volume elements along the ribbon contour length.
According to elasticity theory of slender objects, a length element along the ribbon,
ds, of the neutral axis passing through Xca maintains its initial length after bending,
such that by definition, it is under zero strain. Denoting the curvature and normal
of this neutral axis as κ and n, respectively, an element of the ribbon is stretched
as given by dA = [1 − κn · x(g)] dgdl, where x(g) = X(g) − Xca and g is an arclength coordinate defining the cross-sectional shape. Integration along this boundary
provides a surface area change per unit length, relative to a flat ribbon of κ = 0:
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Figure 3.4: Relevant variables to describe ribbon cross-section and the resulting helical
structure. (A) Schematic drawing of the ribbon cross-section with geometric variables,
(B) a schematic of the resulting helical structure when placed into a liquid media of
sufficient surface tension, and (C) an experimental fluorescence image of a CdSe QD
helical ribbon in water.

∆A
= −κn · P (Xcp − Xca )
L

(3.6)

R
where P = dg is the perimeter of the ribbon cross-sectional boundary and Xcp =
R
P −1 X(g)dg is the center of perimeter of the ribbon cross-section. The center of
perimeter is defined as an axis of surface symmetry, where on either side of a line
drawn through this point will yield equal amounts of exposed cross-section perimeter
(i.e. surface area). Hence, when Xca 6= Xcp , bending of the ribbon such that n is
pointed in the direction of the offset between these two defined centers of perimeter
and area, ∆X = Xcp − Xca , minimizes the ribbon surface area.
The surface tension decrease balances with the elastic cost of bending described
by continuum elasticity theory of a thin object [113], Ubend /L = En · I · nκ2 /2.
For a given surface tension, the ribbon minimizes energy by bending according to
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κ0 n0 = (γP/E) I−1 · ∆X. If we consider a cross-sectional geometry with a simple
asymmetry, that is one with mirror symmetry along the y-axis (i.e. Ixy = Iyx = 0 and
∆Xx = 0), we find that the asymmetric decrease in surface tension leads to bending
of the ribbon along the axis of symmetry with a preferred curvature:

κ0 =

γP ∆Xy
EIyy

(3.7)

This preferred curvature leads to helical ribbon formation through bending of the
ribbon, as depicted in Figs. 3.4(B-C). Relation 3.7 predicts that the preferred bending
depends on details of the cross-sectional area and perimeter distributions measured
by their first moments, and will be applied specifically to our ribbons.

3.2.3

Balance of surface and bending of triangular cross-section

For a triangular cross-sectional area, which are inherently observed in ribbons
created by flow coating, possessing a width w and thickness t (where the base of the
cross-section is at y = 0):

−1

Z

t

y (1 − y/t) dy = t/3

yca = A w

(3.8)

0

where A = wt/2, and

ycp = 2P −1

Z

t q
y (w/2t)2 + 1dy =

0

where P = w + 2

q
t (w/2)2 + t2
q
w + 2 (w/2)2 + t2

(3.9)

q
(w/2)2 + t2 and

Z
Iyy = w

t
2
(1 − y/t)(y 2 − yca
)dy = wt3 /36

0
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(3.10)

Hence,
P ∆y =

t
3

q
(w/2)2 + t2 − wt/3

(3.11)

q

2
1/4 + (t/w) − 1

(3.12)

and
12γ
κ0 =
Et2

and the helical radius is given as the inverse curvature
Et2
R=
12γ

q
−1
2
1/4 + (t/w) − 1

(3.13)

showing that for sufficiently low aspect ratio (t/w) cross-sections, the preferred helix
radius scales with the elastocapillary length and the thickness as:

R ∼ t(t/β)

(3.14)

which is importantly consistent with the simplified approach presented in Eq. 3.5.
Conventional elastocapillary deformation of geometrically symmetric, slender structures has been shown to require a liquid/vapor meniscus. The resulting capillary force
from the three-phase contact line mechanically bends the structures to form bundles,
such as helical assemblies of polymer nanobristles [86] or bundles of wet hair [84].
In contrast, for the case of asymmetric ribbons fully submerged in a liquid (i.e. no
liquid/vapor interface), the asymmetric change in surface area upon bending, as opposed to surface capillarity, drives the formation of independent helices when the
thickness is on a similar order to the elastocapillary length.

3.3
3.3.1

Experimental details
Materials

Substrates were prepared as described in chapter 2. CdSe UDT-QD (≈ 8 nm
in diameter), gold UDT-NPs (≈ 5 nm in diameter), and iron oxide OA-NPs (≈ 12
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nm in diameter) were dispersed in distilled toluene with concentrations ranging from
0.1 mg/mL to 1 mg/mL. Poly(methyl methacrylate) (PMMA, Mw 120K, SigmaAldrich) was also dissolved in distilled toluene with concentrations from 0.1 mg/mL
to 1 mg/mL with a minimum amount of Coumarin 153 (Sigma-Aldrich) added for fluorescence. For smallest ribbons of thickness ∼ 15 − 20 nm, 0.1 mg/mL concentrations
with 300-500 ms stopping times were used. For the larger ribbons of > 200 thickness,
a 2 mg/mL concentration was used with stopping times as high as 7s. As discussed in
the last chapter, both the concentration and the stopping time controls ribbon size,
with higher concentrations and longer stopping times providing the largest ribbons.

3.3.2

Preparation of helical ribbons

The flow coating setup [2, 34], described in detail in Chapter 2, consists of an
angled PET film attached to a Newport stage. Experimental procedures for ribbon
formation are the same as that described in Chapter 2. A CdSe QD, gold NP, iron
oxide NP or PMMA toluene solution (∼ 5µL) is injected between the film and the
substrate. Labview software was used to control the velocity (set at 2 mm/s), spacing,
and stopping time. After fabrication of the ribbons, the substrate was placed under
UV light for 20 minutes at room temperature to crosslink the NP ligands. For PMMA
samples, reactive ion etching was implemented to etch away any polymer scum layer
between ribbons.
To release ribbons from their underlying substrate into a 3D fluid environment,
samples are submerged in a shallow bath of distilled water (about 8 mL in volume
and 4 mm in height) to dissolve the PAA sacrificial layer, freeing the ribbons into the
water bath. Fluorescent images are captured by either a reflected upright microscope
or inverted microscope.
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3.3.3

Characterization

To measure the ribbon thickness, AFM images were taken on the hard, flat substrate they were fabricated, before release into water. Measurements of coil radius
were conducted using ImageJ software on fluorescent images captured.
To measure the interfacial tension, a silicon wafer is coated with a dense layer of
UDT-QDs and the contact angles were measured (AST Products Inc, Model VCA
Optima). Both water and diiodomethane liquids were used to measure contact angles
for dispersion and polar components. The surface tension was then calculated [114]:

1 + cos θ =

P 1/2
D 1/2
)
2(γsP )1/2 (γlv
)
2(γsD )1/2 (γlv
+
γlv
γlv

(3.15)

This provides a measured surface tension for PMMA of 43 mN/m and for UDTQD of 35 mN/m. To determine the interfacial tension, we use a geometric mean
γS/L = γS + γL − 2ϕ(γS γL )1/2 , where ϕ is an interaction parameter determined by
[115,116] cos θS/L = 2ϕ(γS γL )1/2 −1. Using these two equations, we find the interfacial
tension of the UDT-QDs with methanol, a water miscible liquid, to be 9 mN/m,
significantly lower than the 51 mN/m calculated for the QDs with water.

3.4
3.4.1

Results and discussion
Helical ribbon formation from different materials

To test our analytical scaling prediction (Eq. 3.14), we fabricated ribbons over a
range of thicknesses from tens to hundreds of nanometers. Shown in Fig. 3.5 is a plot
p
1
( 1/4 + (t/w)2 −1)−1 and is taken
of R vs. ct2 measured experimentally, where c = 12
as a constant for our fabrication methods. Measuring several ribbon thicknesses and
widths yielded an approximately constant aspect ratio of t/w ≈ 0.02 ± 0.005. Using
our prediction (Eq. 3.13), a linear fit to this plot provides an elastocapillary length
of β ≈ 1.7x10−10 m for the UDT-QD ribbons. Taking the calculated particle/water
interfacial tension of 51 mN/m, we find a reasonable modulus value EQD ≈ 0.3 GPa.
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Figure 3.5: CdSe QD helical ribbon radius as a function of ribbon dimensions. (A)
Plot showing the resulting helical radius of UDT-QD ribbons as a function of ct2 ,
where c is a constant. Corresponding fluorescence images of helices are provided with
(B) t ∼ 15 nm and R ∼ 3µm, (C) t ∼ 55 nm and R ∼ 6µm, and (D) t ∼ 200 nm and
R ∼ 41µm.

Since the helical formation is said to be driven by geometry, this phenomenon is not
contingent on special materials and can be extended to other material types. To test
this idea, we create polymer structures using PMMA homopolymer above its entanglement molecular weight with a fluorescent dye added for imaging. PMMA ribbons also
form helices when placed into water, consistent with our proposed geometric-driven
mechanism. Shown in Fig. 3.6 is the resulting helical radius of PMMA ribbons when
placed into water. In a similar way to UDT-QD helices, a linear fit gives β ≈ 5.8x10−11
m. This leads to a modulus EP M M A ∼ 1 GPa, which is consistent with known values
for PMMA [117].
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Figure 3.6: PMMA helical ribbon radius as a function of ribbon dimensions. (A) Plot
showing the resulting helical radius of PMMA ribbons as a function of ct2 overlaid on
UDT-QD data. Corresponding fluorescence images of helices are provided with (B)
t ∼ 30 nm and R ∼ 10µm, (C) t ∼ 50 nm and R ∼ 24µm, and (D) t ∼ 145 nm and
R ∼ 56µm.

To further show that our methods are versatile, we use both gold NPs and iron
oxide NPs. Demonstrated in Fig. 3.7(A) is the magnetic response of a helical ribbon
made from iron oxide particles coated with oleic acid ligands with UDT-QDs mixed in
at 2:1 (NP:QD) ratio for fluorescence and crosslinkability. In the first image, the helix
is resting in a water bath. When a magnet is placed on the right side of the water
bath near the helix, it rapidly jumps towards the magnet and extends. While this
experiment was done in a rather crude manner, it shows that magnetically responsive
helical ribbons can be created. Further development of such a method may be able to
quantify the magnetic response and lead to magnetically active devices and structures.
Moreover, Fig. 3.7(B) shows an optical micrograph of a helical ribbon formed from
gold NPs coated with UDT ligands, extending our choices to metallic-based materials
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Figure 3.7: Helical ribbons of gold and iron oxide nanoparticles. (A) Iron oxide helical
ribbon (with 2:1 ratio with QDs for fluorescence) with a magnet placed near the helix
(on the right side of the image). The time lapse shows magnetic response of the helix
to a magnetic field at times 0, 0.5, 4, 9.5 and 33 seconds after placement of magnet.
(B) A gold NP helical ribbon.

that lead to different functionalities, such as conductivity [10]. In addition, we note
that poly(dimethylsiloxane) helical ribbons were also created by the same methods
(see appendix). However since curing of the elastomeric material leads to internal
network stresses, the effects of surface tension could not be decoupled with such
stresses and were not detailed for this work.
Experimental observations suggest that a preferred helical pitch is defined approximately by the width of the ribbon. Upon release into water, helices form with an
initial helix radius and pitch, which decrease as the duration of time of the ribbons are
left in water increases (Fig. 3.8(A)), which then form tightly coiled, non-overlapping
helices seen in Fig. 3.8(B). It should be noted that a tightly coiled helical pitch is not
observed in 100% of the helices, however it is observed in very high portion. A deeper
study of the statistics would be beneficial to determine the cause of why some helices
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Figure 3.8: Pitch evolution of helical ribbons during formation. (A) Helical ribbons
at early times show a larger pitch and radius and then reach smaller pitch and radius
over time. (B) Helical ribbon showing tubule-like formation with a pitch defined by
the width of the ribbon. (C) Helical ribbon showing a smaller pitch and radius at
one free end (tethered end is off the image to the right). Helical ribbons attempt
to achieve a tubule-like structure, but needs a longer time when one end is fixed.
(D) Large helical ribbon showing a larger pitch and radius. An even longer time is
required to reach preferred with larger dimensions.

are not tightly coiled. It may be linked to the perfection of the ribbon cross-sectional
y-axis symmetry, and thus more carefully controlled experiments must be developed
where the exact cross-sectional shape along the ribbon axis may be linked to the particular resulting helix within a sample. Additionally, we noticed that unconstrained
helices of smaller dimensions more easily find this minimal pitch. After reaching this
configuration, the helix continues to turn in attempt to relieve helical reversals and
heterogeneities. We also believe that the boundary conditions can play a significant
role in the formation of uniform helices. For example, a long helix constrained to
the surface on one end (i.e. no free rotation) reveals only smaller pitch near the
free-to-rotate end, seen in Fig. 3.8(C), due to the additional elastic penalty to move
the ribbon near the fixed end boundary condition. Similarly, larger helical ribbons
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show larger pitch and radius (Fig. 3.8(D)) and require an even longer time to reach
a preferred configuration due to the larger dimensions.

3.4.2

Control experiments

Control experiments were conducted to confirm the hypothesized surface-induced
helix formation and to rule out other possible contributions. Multiple sacrificial surfaces were used to test the independence of helical formation on the specific release
process. The main method used to release ribbons included the use of a water-soluble
poly(acrylic acid) (PAA) layer, which is used for results presented above. The etching of a silicon oxide layer via HF, as well as releasing ribbons from a Mica surface
were also conducted (Fig. 3.9(A)) to reveal helical structures, showing that the PAA
does not play a significant factor in forming helices. Mainly, it shows that a bilayer
is not present from the PAA, which would swell more than the organic-coated QDs.
To exclude the possibility that a crosslinking gradient drives helix formation, ribbons
were floated without UV exposure (used for crosslinking), which again revealed helical
structures as shown in Fig. 3.9(B). Since the NP ligands are hydrophobic, dissolution

Figure 3.9: Different methods to release ribbons into water. (A) Helix formation by
releasing ribbon from a Mica substrate in water, confirming that a bilayer is not the
driving force for shape formation. (B) Helical ribbon formation of UDT-QD ribbons
in water from dissolution of PAA sacrificial layer without UV exposure to crosslink
the particle ligands.
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in water is negligible and the ribbons maintain their shape. Lastly, in an attempt
to test for an internal stress buildup in the ribbons, PMMA ribbons were annealed
at 120◦ C (above glass transition and below melting temperatures) and released into
water to still reveal helical structures. It is noted that it is difficult to be sure internal
stresses are removed because higher temperatures or long enough times would lead
to breaking up of the thin ribbon structure into dewetted droplets on the surface or
modification of the cross-sectional shape.
Recall from the scaling Eq. 3.14 that R ∼ 1/γ, and therefore the lowering of the
interfacial tension would cause an increase in the helical radius. Therefore to test
this experimentally, we add methanol to our bath of water such that the interfacial
tension is around 9 mN/m (as calculated in the experimental details). As shown in
Fig. 3.10(A), a ribbon that is initially in its helical configuration in water transforms
into a straightened ribbon after the addition of methanol. Over the durations of tens

Figure 3.10: Effects of interfacial tension on the formation of helices. (A) Time-lapse
of a UDT-QD helical ribbon upon the addition of methanol to the water bath at
times 0, 4, 16, and 23 minutes after addition. (B) Ribbons placed directly into a
low interfacial tension surfactant bath and (C) ribbons that were initially helices that
have straightened upon the addition of surfactant.
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of minutes, the helix fully uncoils showing that it takes some time for the effect to
occur. Indeed, Eq. 3.14 predicts that the helix radius is inversely proportional to
the surface tension, which is not seen in the experiment where the helix completely
uncoils itself. This suggests that a critical interfacial tension is required for the helix
formation to follow our prediction. Nevertheless, this experiment demonstrates that
the helix formation mechanism is driven by surface forces and consistent with our
theory. Moreover, shown in Figs. 3.10(B) and (C) are ribbons where helices never
formed when placed directly into a surfactant solution or uncoiled after the addition
of surfactant, respectively.

3.4.3

Discussion

Remarkably, helix formation is not specific to a particular type of material and
requires neither chiral building blocks nor bilayer structures, strongly suggesting that
the mechanism for helix formation is not inherent to a single material, but rather a
general result of the cross-sectional geometry. This spontaneous bending, combined
with the non-overlap of sufficiently long ribbons, guides helical shape formation. Since
the length is much greater than the width, the ribbons twist to form a helix with uniform preferred curvature, instead of “scrolling up” into an overlapping coiled state
where only the first turn can adopt the optimal radius and the thickness requires curvature to vary along the ribbon [104]. We argue here that the asymmetric balance of
surface forces and elasticity only provides an intrinsic preferred curvature, and therefore the kinetics of the helical formation are not captured in our energy balance. This
generates no explicit preference for twist, and similar to a phone cord, the surfacedriven preferred curvature along the long axis of the ribbon leads to an instability in
long ribbons to constant curvature helical conformations with spontaneously selected
handedness [98,118]. This is clearly visible in our experiments, where the handedness
is randomly observed with no consistency over the range of samples.
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Long ribbons display uncontrolled perversions, or the spontaneous switching of
handedness. It should be noted that this was not able to be controlled in our experiments with ribbons of long contour lengths. With our limited knowledge on why this
occurs in our system, we compare our helices to those found in literature with inversions of handedness to provide initial insights [95,118]. From these references, we find
that perversions are created when a rod with an intrinsic curvature has fixed ends.
One can see this in a simple experiment by straightening a phone cord, holding both
ends, and slowly bringing them together. Since the cord has an intrinsic curvature,
a helix is spontaneously generated, and because the ends are fixed, this constrains
the helix to no net twist and thus a helical perversion must result, such that the net
twist is zero. In our formation of helices, we do not constrain the ends. Although,
since we have a crude method of releasing helices in water by simply submerging
our entire sample, we cannot be sure that an entire ribbon is released uniformly and
simultaneously. Moreover, we imagine that the extremely long lengths of our helices
leads to higher constraints similar to fixed ends in local sections of the ribbon. For
example, as a short helix section is forming, it may not “feel” that the other ends
are free thus leading to fixed-end boundaries. We will show in chapter 5 that these
perversions can be eliminated by creating short ribbons.
In general, the question of what defines the pitch remains partially unresolved.
Experimentally, we find that at long times, the dynamically stable helical structure
evolves to a close-packed geometry where the pitch is dictated by self-contact of the
pitches. This is shown in several different helices in Fig. 3.11. For this minimized
pitch to be observed, forces acting on the structure must be absent. In many of our
experiments (shown above), helices are in a bath of several ribbons and contact with
other ribbons produces sufficient force to extend the helix to a non-preferred pitch.
Moreover, contact with the underlying substrate can also lead to sufficient forces to
keep the pitch from reaching a minimum. For the images displayed in Fig. 3.11
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Figure 3.11: Experimental examples showing minimized pitch. Several helical examples of pitch defined by self-contact of the ribbon with radii of (A) ∼ 6 µm, (B) ∼ 5
µm, (C) ∼ 7 µm, (D) ∼ 4 µm, (E) ∼ 4 µm, and (F) ∼ 9 µm.

where we believe the helices are external force-free, we suppose the pitches are in
contact. Darkness is seen in the images between the pitches, which can be attributed
to the asymmetric cross-sectional thickness. Recall that the thickness varies along the
ribbon cross-section and since fluorescence intensity decreases with thickness, these
ribbon edges would be darker than the center of the ribbon section. The ribbons
are quite thin, and indeed brings up a question of why helices form over flat scrolls
with increasing curvatures. We propose that this is due in part to the kinetics of
formation, where the entire ribbon is lifted at approximately the same time. As
with the experiment with the phone cord suggested in the last paragraph, a helical
geometry is seen right upon release of our intrinsically curved ribbons (from surface
tension), and thus a close packed helix would subsequently form. To test this idea,
we may consider an experiment where the ribbons are released in water but from
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one end at a rate slower than the rate to curl up. This would provide the necessary
information to determine if helices are indeed formed due to the releasing methods
of long ribbons. Another set of experiments that systematically varies the contour
length could help determine the underlying mechanism that defines the pitch. For
short enough ribbons (i.e. of 1-2 turns), 2D scrolls with increasing curvature may be
favorable over helical formation.
The aspect ratio of the ribbon cross-section plays a large role in defining the
curvature of the overall ribbon structure, and hence the helical shape. To display
the different regimes of aspect ratio t/w of a triangular section, and how it relates
to the helical curvature, we plot a normalized curvature κ0 /κc = 8.47κ0 Ew2 /12γ
√

12γ
with varying t/w (Fig. 3.12(A)). In this case, the κc = Ew
5/2 − 1 , which in
2
a physical sense is when t = w. Notably, for equilateral, symmetric cross-sections
√
(when t/2 = 3/2), preferred curvature vanishes (i.e. κ0 /κc = 0), consistent with
the geometric requirement that surface forces induce coiling only for asymmetric
cross-sections. Fig. 3.12(A) also shows that the center of perimeter, Xcp , shifts to
the opposing side of the center of area, Xca , along the y-axis as we increase t/w and
bends in the opposite direction, indicated by the change in sign of the curvature. We
see a maximum positive curvature at t/w ≈ 1.8. At t/w > 1.8, the bending stiffness,
B ∼ t3 , dominates and κ0 /κc → 0 as t/w → ∞ (i.e. unfavorable bending). At
√
t/w < 3/2, the curvature diverges and κ0 /κc → −∞. The ribbons that we create
have t/w ' 0.02, which is easily in the surface dominated regime and with nanometer
scale thickness, has a low bending stiffness making helical shape formation favorable.
Here we wish to briefly return to the discussion on the difference between the
centers of perimeter and area. We are able to create ribbons that form helices with a
thickness as small as about 15 nm (∼2-3 particles thick) and as high as about 200 nm
(∼25 particles thick). At first glance, one may intuitively think the difference in the
centers, ∆X, are too small to play a significant role. However, ∆X actually ranges
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Figure 3.12: Relationship between cross-sectional aspect ratio and helical curvature.
(A) Normalized curvature, κ0 /κc , as a function of the ribbon cross-sectional aspect
ratio, t/w. Our ribbons are at t/w ≈ 0.02. (B) A 2-phase elastocapillary bending of
a triangular cross-section of a super soft gel (modulus of order ∼100 Pa) reported in
literature. Part (B) is reprinted with permission from ref [85], copyright 2013 by the
American Physical Society).

from about 1.5 nm up to around 17 nm for these particular ribbon sizes, and in fact
these values are just a bit below 10% of the maximum ribbon thickness, t.
The elastocapillary length can be used as a quantitative value that dictates the
effects of surface forces on a material and structure. Again recall from the scaling
Eq. 3.14 that R ∼ t2 /β ∼ Et2 /γ, and therefore there are two main handles that can
be tuned by orders of magnitude - the modulus E of the material, and the ribbon
thickness t. For higher modulus materials, typical values are β ≈ 10−9 − 10−11 , and
thus helical curvature only becomes significant for nanometer to angstrom thickness
values, which we are able to achieve through our experimental methods. The helical
radii that are observed here range from 2−40µm for the NP ribbons and > 100 nm for
PMMA, both of which are reported here to have elastic moduli on the order of ∼GPa.
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Our approach is to scale down the ribbon dimensions (down to nanometer length scale
thickness), leaving high modulus opportunities that lead to materials versatility when
using elastocapillary effects to control 2-phase shape transformations.
While we scale down the dimensions with significantly longer ribbons, Mora et.
al. experimentally and theoretically showed similar shape transformations by scaling
down the modulus of the material, as reported in the only other paper on asymmetric, 2-phase elastocapillary bending deformations to our knowledge [85]. Interestingly,
and quite incredibly, their paper was published online the same week as ours, independently coming to a similar analytical explanation and results. Of course, we find
this study complimentary, and are excited to see results that are consistent with
our results and analysis. In their experiments, they used a super soft gel with elastic modulus of the order ∼100 Pa, but with dimensions on the order of millimeters
to centimeters. The cross-sectional shape was also triangular with an aspect ratio
t/w ∼ 3 and “ribbon” length of 2.5 cm, leading to relatively small curvatures in the
opposite direction (Fig. 3.12(B)). Admittedly, we have not experimentally confirmed
the direction of bending in our ribbons since traditional AFM, TEM, or SEM imaging
requires a dry environment and our helices are in fluids. Since the ribbons have a
gradient nanoscale thickness, resolution in 3D confocal microscopy is also challenging.
However, the macroscale structures presented by Mora et. al. are consistent with our
calculations displayed in Fig. 3.12(A), supporting our hypothesis. In addition, we
suspect that if their length to thickness ratio (L/t) was much greater than ∼5, they
would observe helical formations as we see in our ribbons where L/t ∼ 10000−100000.
It is important to note that our methods are a bit more versatile in terms of materials
choice, since we may tune the dimensions such that these deflections can been seen in
high modulus materials with tunable functionality. This offers a method to utilize 2phase elastocapillary deformations by simply controlling geometry for technologically
interesting applications.
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3.5

Conclusions

Our observations collectively illustrate a simple and novel concept, where geometry
and surface forces combine to create 3D helical structures with microscale diameters
starting from 2D ribbons with nanoscale thickness and tunable macroscale lengths.
By utilizing chemically functionalized CdSe QDs, gold NPs or iron oxide NPs, robust NP-based helices can be created with extremely high inorganic compositions.
PMMA homopolymer ribbons also form helices, showing that in principal, any range
of material properties can be achieved with this universal mechanism using polymer,
ceramic, or metallic-based materials. The ability to create such structures provides a
novel means for engineering a new class of helical structures possessing a broad range
of organic or inorganic functionality. Future studies will focus on elucidating optimal combinations of cross-sectional geometry and surface tension that control helix
formation, pitch, radius and overall shape.

66

CHAPTER 4
STRETCHING AND MECHANICAL PROPERTIES OF
NANOPARTICLE HELICAL SPRINGS

4.1

Introduction and background

The ability to create hybrid materials constructed from any variety of inorganic,
nanoscale particles stabilized by various organic molecules enables multifunctional
materials with versatile properties. Utilizing NPs as building blocks to construct
larger structures gives rise to properties characteristic to specific length scales, from
the geometry of the macroscopic assembly to the intrinsic properties of the nanoscale
constituents. This combination of tailorable organic ligands and inorganic NPs offers
control over functional properties (i.e. mechanical, electronic, magnetic, etc.) of
the structure [40, 63, 119]. However, current reports on the properties of NP-based
materials are lacking in toughness and robust mechanical characteristics.
To achieve the ultimate goal of implementing NP assemblies into any application,
the structures must be robust to withstand mechanical deformations in a predictable
manner. In the last chapter, we described a new method for creating meso- to macroscopic structures in a helical geometry from nanoscale particles that can have NP
fractions as high as ∼70%wt (with the remainder as functional organic ligands tethered to the NP surface) [45]. Typically, materials with such high fractions of inorganic
NPs lack the robust mechanical properties required for a given application. When
organized into a helical geometry however, the material itself sees little strain up to
a certain point and the overall structure’s stretchability is increased. In this chapter,
we design a special experimental setup to measure the force-displacement relation-
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ship of these NP helical ribbons and develop an analytical expression to predict their
mechanical response.

4.2
4.2.1

Experimental details
Materials and sample preparation

The helical ribbons prepared in this chapter are accomplished through flow coating
and release methods found in the experimental details of the last chapters [2, 34, 45].
The helical ribbons in this chapter are made with UDT-coated CdSe QDs or gold
UDT-NPs. UDT-QD helices for stretching were made with concentrations of 0.5-1
mg/mL with stopping times ranging from 0.5-3 s. For UDT-QD helices with a radius
around 15 µm that were used for the majority of the force measurements, a 1 mg/mL
concentration was used with 3 s stopping time and 1 mm spacing. For the large gold
helix, a 5 mg/mL concentration was used with 2 mm spacing between ribbons and a 4
s stopping time, although concentrations of 1 mg/mL with longer stopping times (6-8
s) were also used to make large helices. To be able to release the ribbons from their
substrate and stretch them, one side of the ribbon was left attached to the substrate.
To accomplish this, a stripe of the sacrificial layer, PAA, was removed prior to flow
coating the ribbons. Upon floating, the ribbons stay attached to the substrate where
this PAA was removed, leaving one free end.

4.2.2

Stretching of helical ribbons

After releasing the ribbons into water with one free-end, a nanopositioner is used
to fix one end of a PDMS block. The PDMS is made using Dow-Corning Sylgard 184
mixed at a 10:1 prepolymer to crosslinker ratio by weight and cured at 70◦ C for 4
hours. To make the PDMS block more easily visible in the microscope, a fluorescent
dye was added (Nile Red, Sigma-Aldrich) to the PDMS before curing. Upon curing,
the PDMS was cut into millimeter sized blocks and attached to the end of a staple
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Figure 4.1: Experimental method for measuring maximum stretchability of helical
ribbons. (A) Schematic diagram of the stretching experiments where one end of the
helical ribbon is attached to the substrate while the other is attached to a translating PDMS block controlled by a nanopositioner. (B) Experimental fluorescence
micrographs showing the high stretchability of the helical ribbons.

using Sil-Poxy silicone adhesive and subsequently attached to a nanopositioner. The
nanopositioner is mounted above the objective of an inverted microscope where the
sample is placed and brought into contact with the free end of a helical ribbon. Since
the helical ribbons are coated with organic ligands and in a water bath, the high
interfacial tension keeps the PDMS block fixed to the NP helix upon contact. To
stretch the helix, the microscope stage holding the sample is translated relative to
the nanopositioner, extending or contracting the helical ribbon while simultaneously
taking images to measure the stretch ratio, defined as λ = H/H0 , where H and H0
are the instantaneous and initial axial length of the helix. The general approach is
shown in Fig. 4.1.
To measure the force-displacement relationship of the helical ribbon, which has
nanonewton to micronewton forces over relatively large displacements of tens of mi-
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Figure 4.2: Design of custom-built mechanical measurement tool using a deflecting
carbon fiber cantilever. (A) Schematic of experimental setup of the deflecting cantilever used to measure forces of helical ribbons. (B) Optical image of the carbon
fiber used for measurement. The diameter is 7 µm (measured by microscopy) and
the length is several millimeters. (C) Stress-strain curve of carbon fiber measured
via DMA, giving a modulus of 232 ± 9 GPa. (D) Fluorescence micrographs of an
extended helical ribbon before extension and at stretch ratios λ ≈ 11 and λ ≈ 23.

crometers up to millimeters, we designed a custom-built mechanical measurement
tool. This setup exploits the bending of a thin, carbon fiber which is used as a
deflecting cantilever attached to one end of a helical ribbon (see Fig. 4.2). The experimental apparatus is the same as previously described except this carbon fiber is
used in placed of the PDMS block. The carbon fiber is attached to a staple and is
several millimeters long, as illustrated in Fig. 4.2(B). The diameter of the carbon fiber
was measured by optical microscopy to be 7 µm and the modulus was determined
by dynamic mechanical analysis (DMA, TA Instruments, Q800) on several samples
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with an average Ec = 232 ± 9 GPa, represented in the stress-strain curve in 4.2(C)
(manufacturer reports ∼230 GPa). To measure the modulus, a single fiber was glued
to small PET films by sufficient amounts of stiff epoxy on both sides such that it
could be clamped into the DMA. Using a carbon fiber has several advantages: (1) it
is thin enough to provide a sufficiently low bending stiffness, (2) it is stiff enough to
break the tension of the water surface, (3) it is elastic enough to be sure deflections
are reversible, and (4) it is commercially available as long fibers that can be cut to
any length. Shown in Fig. 4.2(D) are experimental micrographs of a carbon fiber
attached to the freely floating end of a helix where the other end is tethered to the
substrate, shown at different stretch ratios, λ. It should be noted that only the tip of
the carbon fiber is visible in experiments, as the stationary boundary is well outside
the limits of the field of view.
We quantify the cantilever deflection (∆c ) and shape of the helix by exploiting
the inherent fluorescence of the QD helical ribbon and using fluorescent microscopy
[45, 120]. By measuring the total displacement (∆T ) at the stationary boundary, the
helix displacement (∆H ) can be determined by ∆T =∆c +∆H . The force (F ) is then
calculated by using the basic equation for a cantilever beam [121]:

F =

3∆c Ec Ic
L3c

(4.1)

where in this particular equation all variables (E, I, L) are for the carbon fiber and
Ic = 4/πr4 , where r is the radius of the fiber (3.5 µm). We can see that the force has a
strong dependence on the fiber length, Lc , and therefore measureable force ranges are
modifiable by changing this length. The force is then related to the helix displacement
by the helix stiffness, k = dF/d∆H , often considered as the spring constant. It is
important to state here that the cantilever zero point (i.e. zero recorded force) is
the natural state of the cantilever without attachment to the helix; however upon
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attachment for our unstrained helices, no deflection is apparent. Thus, we are not
sensitive to this very weak initial force of the helix in a collapse state.

4.3
4.3.1

Results and discussion
Stretchability

Our stretching experiments showed that a range of maximum stretch ratios could
be achieved, as demonstrated in Fig. 4.3(A). The variability in the possible stretch
ratios are related to the geometry of the initial helical ribbon. Since we observe
that these NP helices can be extended to effectively straight ribbons (see Fig. 4.1),
we quantitatively compare our results to a theoretical maximum. In defining the
maximum stretch ratio, λmax , the measured axial length H of the helix was divided
by the average pitch providing the number of turns in the helix. The number of turns
was then multiplied by the measured helical radius to provide the contour length, L.
The theoretical maximum stretch ratio for a ribbon was then defined as the initial
length over the contour length:

Figure 4.3: Stretchability of nanoparticle helical ribbons as a function of initial helical
configuration. (A) Bar graph showing the maximum stretch ratios of the helical
ribbons of this sample set. (B) Plot of λmax as a function of the initial radius to pitch
ratio. The dotted line is the theoretical maximum stretch ratio.
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(4.2)

This equation shows that the theoretical maximum is related to the initial radius to
pitch ratio. Therefore in Fig. 4.3(B) we plot experimental data of maximum stretch
ratio of the 27 helices used for this study as a function R0 /p0 . The dashed line is Eq.
4.2, illustrating the consistent ability for these helical ribbons to be fully extended to
their contour length. Notably, this plot also reveals that massive stretch ratios were
possible, which could be greater than 20 times the original helix length.

4.3.2

Force-displacement measured by carbon fiber

Our results using the custom-built carbon fiber apparatus reveal that a NP helix
can be extended to high strains with large shape changes with extremely low forces.
In Fig. 4.2, an initial helix (H0 ≈ 100 µm, R ≈ 13 µm, t ≈ 110 nm) is extended
to λ ≈ 11 and subsequently to a straightened ribbon configuration where λ ≈ 23.
Initially, the helix is at a low pitch, highly coiled state where λ ≈ 1 and the cantilever
is at zero deflection, thus no force is recorded. Upon translation, the helix begins to
undergo large shape changes, as seen when λ ≈ 11 for example. At this point, the
carbon fiber has little deflection, yielding forces on the order of a few nanonewtons.
This is observed in the force-displacement curve in Fig. 4.4 that portrays a slowly
increasing force at lower displacements. The spring constant of this particular helix
in the lower regime was found to be k ≈ 4 x 10−6 N/m. The force is then observed to
increase nonlinearly as the spring is extended further, an effect which we show below
can be attributed to a well-known “geometrical strain stiffening” of highly stretched
springs, rather than the intrinsic extension stiffness of ribbons [122, 123]. It should
be noted that the reduction of the force with increases in displacement are mainly
caused by unkinking of heterogeneities, tangles or perversions in the helical structure.
For the example seen in the plot of Fig. 4.4, we see a large decrease in force around
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Figure 4.4: Force-displacement data for nanoparticle helical ribbon. (A) Forcedisplacement curve measured by custom-built carbon fiber measurement tool for the
helical ribbon experiment presented in Fig. 4.2(D).

a displacement of about 2 mm (also seen in experiments below). The unkinking and
untangling of helical heterogeneities is not visible in the images because they are
far out of view of our images, however they would be seen within the range of the
microscope by eye. In this chapter we focus on creating and studying long, NP-based
helical ribbons over a macroscopic range; however, we will show in chapter 5 that
these heterogeneities can be mitigated creating shorter helices.
The NP helical ribbons display spring-like behavior with minimal hysteresis at
small strains. In one crude experiment, demonstrated in Fig. 4.5, a helical ribbon
(H ≈ 108 µm, R ≈ 13 µm) is fixed to a carbon fiber on one end while the other end
is left to float freely. The carbon fiber is then translated at a velocity of ∼ 0.1 mm/s
which extends the helix to λ ≈ 5 by a drag force applied by the surrounding fluid.
Stopping the cantilever allows the NP spring to relax to an unextended configuration.
After about half a minute after stopping the cantilever, it is observed that the helix
recovers close to its original length but does not return to its exact initial shape
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Figure 4.5: Extension of helical ribbon by liquid drag. (A) NP helical ribbon stretched
by dragging the helix through water at its initial shape (∼ 0s), after quick stretching
(∼ 7s), and then upon recovery (∼ 30s) (B) Plot showing the distance of certain
helical turns from the end fixed to the carbon fiber, demonstrating some time of
recovery.

(λ ∼ 1.5). In Fig. 4.5(B), we measure the distance of certain turns along the helix
from the end fixed to the carbon fiber as a function of time. The helical ribbon can
be quickly and easily extended by liquid drag (in just a few seconds), however it is
clear that the rate of recovery is not as fast with some apparent time of relaxation.
While the shape appears to recover rather well, we quantified the resilience of NP
helical ribbons. The resilience (Ur ) is defined by the ratio of energy recovery over the
energy of deformation. In other words, this is the difference between the integration of
the force-displacement curves upon loading and unloading. In separate experiments
where both ends are fixed, we consecutively measure the force-displacement relationship of a helix (H ≈ 150 µm, R ≈ 18 µm) at different maximum displacements. In
the small displacement regime, little hysteresis is observed. For example, when this
helix is stretched to λ ≈ 3, Ur ≈ 76%. However, as the stretch ratio is increased,
larger hysteresis is observed, such as when λ ≈ 6.5, Ur ≈ 25% for this particular
helix. It should be noted though, that at these extremely high strains, helical shape
recovery is observed, even if it is not identical to the original helical configuration.
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Figure 4.6: Resilience, energy hysteresis and shape recovery of nanoparticle helical
ribbons. (A) Helical ribbon with fixed ends that is stretched to λ ≈ 5 and returned.
The slack of the helix upon unloading demonstrates plastic deformation in the helix
at high stretch. (B) Force-displacement curve for the ribbon extended to λ ≈ 3, 5, 6.5
showing minimal hysteresis at low stretch. (C) A helical ribbon with fixed ends before
stretching, near fracture, and post-fracture, showing good shape recovery.

Shown in Fig. 4.6(C) is a helical ribbon that is stretched until failure, where the
helical shape is still recovered post-fracture, suggesting that the boundary conditions
may play a role in helical shape recovery (right side not shown).

4.3.3

Analytical description of force-displacement

In developing a quantitative description for the force-extension relationship of
the helical ribbons presented in both this and the previous chapter, the ribbons are
considered inextensible along their long axis. Under the conditions that the ratio of
t/w  1 and w/L  1 (recall that t ∼ nm, w ∼ µm, L ∼ mm-cm), the ribbon
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is much stiffer to bending deflections along the width than deflections normal to its
thickness. Therefore, the helical ribbons can be assumed to bend only along their
long axis, with curvature κ, and normal oriented towards the central axis [123],

κ=

R
R2 +


p 2
2π

(4.3)

and ribbon twist is equal to the center line torsion [123],

τ=

p
2π

R2 +


p 2
2π

(4.4)

To describe pulling of ribbons immersed in solution, we consider the total energy of
the helical ribbons:
Utotal = Uelast + Usurf − Q

(4.5)

which is composed of three contributions: Uelast is the elastic energy penalizing shape
deformations; Usurf describing shape-dependent surface energy; and Q is the external
work done by an applied force, Q = F ∆H . Assuming the ribbon adopts a uniform
helix along its length and the ends are prohibited from rotating upon loading, the
number of helical turns N is fixed and the change of axial height can be related to a
change of instantaneous pitch by ∆H = N ∆p. In general, a ribbon may have a stress
free configuration such that the corresponding generic elastic energy is [124, 125]:
Z
Uelastic =
0

L




C
B
2
2
(κ − κ0 ) + (τ − τ0 ) ds
2
2

(4.6)

where B and C are the bending and twisting stiffnesses and the integration is carried
out along the arc-length coordinate (s) of the centerline. Returning to the Eq. 1.5
presented in chapter 1, noting R = 1/κ, we see that by definition, B = EI and C =
GJ = 2B/(1 + ν), which are functions of both materials properties and the ribbon’s
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cross-sectional geometry (where the ribbon is a rod with a ribbon-like cross-section).
The terms κ0 and τ0 here are generically the intrinsic curvature and twist, respectively,
which define the “natural” state of the helix, or the preferred configuration of the
ribbon. Simply put, the energy is defined by the amount work it takes to change
the ribbon configuration from its preferred helical state. The NP ribbons described
here are crosslinked on planar substrates, and hence, are flat and untwisted in their
stress-free state, corresponding to κ0 = τ0 = 0. However, recall from chapter 3
that when released into a liquid, a surface tension γ acts on the ribbon surface,
leading to a surface energy Usurf = γ∆A, where ∆A is the change of ribbon area
relative to the straight, undeformed state. As described in the previous chapter
[45], when ribbons possess an asymmetric cross-sectional shape, bending deformations
may lower or increase surface energy. For the asymmetric triangular sections of
these ribbons, bending away from the larger area face decreases the surface area
R
as ∆A = −P |∆X| κds, where |∆X| is the offset between the center of area and
the center of perimeter of the ribbon cross-section characterized by a perimeter, P
(i.e the surface boundary of the ribbon cross-section). The ability to lower surface
energy purely through bending generates a spontaneous curvature of the ribbon κ∗0 ,
determined by the balance between surface energy and the elastic cost of bending:
κ∗0 =

γP |∆X|
EIt

(4.7)

where we have used B = EIt , with E being the modulus and It the moment of
inertia of the cross-section along the thickness. In Chapter 3 [45], we argued that
for wide ribbons, the magnitude of surface-induced curvature can be related to the
ribbon thickness by κ∗0 ∼ β/t2 , where β = γ/E is the elastocapillary length. Note
that Eq. 4.7 is a redefined version of Eq. 3.7, such that in this chapter κ∗0 is the
surface-defined curvature for our specific case and κ0 can be referred to as the generic
preferred curvature.
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Absorbing the effects of surface-induced curvature into the form of the elastic
energy, we arrive at an expression for total energy:
Z
Utotal =
0

L




B
C 2
∗ 2
(κ − κ0 ) + τ ds − Q
2
2

(4.8)

We note that the intra-ribbon contact forces maintain the helical form of the ribbon
at shallow pitch (p ≈ w) in the absence of external force. This leads to no intrinsic
twist, τ0 , energetically and thus the pitch is defined by the kinetics of formation.
It follows that that the force per unit ribbon length is the minimization of the
energy function:


d B
C 2
∗ 2
F/l =
(κ − κ0 ) + τ
dp 2
2

(4.9)

With κ and τ defined in terms of p and R (Eqs. 4.3 and 4.4), we can use the
p
1
l2 − p2 , where l is the contour
geometrical relationship for a helix defined by R = 2π
length of a single turn, to define the elastic energies in Eq. 4.9 in terms of p and l,
leaving p as the only independent variable.
Assuming that ribbons adopt their preferred curvature κ∗0 in their initial configuration, upon substituting for R, we can obtain a term for the bending force as a
function of p:
Fbend

#
  2 "p
(1 − (p0 /l)2 )
B 8π p
p
=
−1
2
l3
(1 − (p/l)2 )

(4.10)

where p0 is the initial pitch of the helix. The twisting force can also be defined as a
function of p:
Ftwist

  2
C 8π p
=
2
l3

(4.11)

Combining Eqs. 4.10 and 4.11 provides the total force per unit length of the helical
ribbon, which is defined by Ftotal = Fbend + Ftwist . For the isosceles triangle cross-
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sectional geometry of these thin ribbons, B = Ewt3 /12 and C = 2B/(1 + ν). Upon
substitution and rearrangement, the total force is found to be:

q
2
1
−
(p
/l)
0
Eπ wt p 
q
+ M
=
3l3
2
1 − (p/l)
2

Ftotal

3

(4.12)

where the constant M = 2/(1 + ν) − 1. From this equation, the force is shown to
scale with the materials properties (i.e. modulus), ribbon dimensions, and helical
geometry,
Ftotal ∼

Ewt3 p
q
l3 1 − (p/l)2

(4.13)

showing that the force increases as the pitch increases during extension. As we showed
earlier in this chapter, these helical ribbons are able to stretch to their full contour
length. In the limit that the pitch increases to its maximum extension (when p = l),
the force diverges as one would expect for an inextensible ribbon with an initial helical
configuration of a finite length.
4.3.4

Comparison of experiments and analytical calculation

To compare this analytical model with our experiments, such as the helical stretching seen in Fig. 4.7, we first measured the ribbon thickness and width of this particular set of ribbons by tapping mode AFM, which is 122 ± 9 nm and 5.9 ± 0.4 µm,
respectively, prior to liberating the ribbon from the substrate. The Poisson’s ratio
(ν) is assumed to be ν ∼ 0.3 because of the short molecule ligand properties, which
is supported by assembled NP monolayer measurements in literature [126]. However,
we note that our fit to the modulus is not sensitive to the Poisson’s ratio as changing
ν from 0.3 to 0.5 returned a ∼ 0.05 GPa change in modulus. The length of one turn
was determined by measuring R and p and calculated to be l ≈ 95 µm. To determine
the number of turns, the initial axial length was measured and divided by the initial
pitch (here p0 ' w), yielding N ≈ 12.5. The contour length was then calculated by
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L = N l ≈ 1190 µm. With these given values, the total force equation (Eq. 4.12)
is superimposed over our experimental data as a dashed line in Fig. 4.7(A), showing a good fit to the force-displacement trend. The modulus was used as the only
fitting parameter and gave E ≈ 1.3 GPa. Additionally, in an attempt to take into
account the unkinking, we found a modulus fit of E ≈ 0.4 GPa. This modulus range
is reasonable based on previous measurements of similar CdSe NP structures [2, 45].
The equation for the total force (Eq. 4.12) is written in terms pitch, which is
related to the total helix displacement by ∆H = N ∆p under the constraint of fixed
ends. To present a traditional force-displacement relationship, we plot the total force
vs. the helix displacement and utilize this relationship to fit our data. It should be
noted that in our energy analysis, the total force does not go through zero of the
force-displacement curve. This small shift is due to the fact that there is a finite
force associated with the self-contact of the pitches (or any other possible forces
bringing the pitches together). In theory, we should measure a finite force at this

Figure 4.7: Comparison of analytical calculation for force-displacement relationship
for QD helical ribbons. (A) Measured force-displacement curve of the helix in part
(B). The theoretical force equation (Eq. 4.12) is shown as a dashed line with modulus
(E) as a fitting parameter. (B) Fluorescence micrographs of the helical ribbon (R ≈
15 µm) at different stretch ratios, λ. In the first image, a small displacement is applied
to show the helical shape.
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small strain regime. However, we do not have the sensitivity to measure the very
weak forces required to pull the pitches apart since we are measuring the deflection
of the cantilever relative to the initial position. Therefore our equation and the
measured forces are not perfectly consistent at very small displacements. Forces are
then recorded upon stretching where the intra-contact forces are no longer significant
and our equation for the force (Eq. 4.12) is true.
To show the versatility of our methods, we used 5 nm gold NPs with the same
UDT ligands to create a helical structure with a different material and different
dimensions. The gold NP ribbon in Fig. 4.8(A) has a ribbon thickness of t = 285
nm, a helical radius R ≈ 95 µm, and the number of turns is N = 2.5. The scaling
provided in Eq. 4.13 predicts a lower spring stiffness with a decrease in p, and since
p and R are related, this is effectively equivalent to an increase in R (i.e. increase in
the ratio of R/p). We confirm this experimentally, as demonstrated in Fig. 4.8(B),
where the force-displacement data of the gold NP helix with larger radius shows a
significantly lower force output for similar displacement. An overlay of the force

Figure 4.8: Force-displacement relationship for gold UDT-NP and CdSe UDT-QD
helices. (A) Optical micrographs of a gold NP helical ribbon at different stretch
ratios. (B) Force-displacement curves for both the ribbon in Fig. 4.7 and the gold
NP ribbon in part (A), showing different mechanical spring stiffness.
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equation (Eq. 4.12) again provides a good fit to the experimental data with the
modulus fitting parameter E ∼ 0.5 GPa, which is within an expected range provided
in the literature. [40, 45, 59, 65, 68, 127]

4.3.5

Discussion

Helical geometries store a high elastic potential in a small volume. For our helical
ribbons, this provides access to large stretch ratios of the overall helix with little strain
imposed on the ribbon. The helices studied here are 2-3 orders of magnitude larger
in contour length than radius, and similarly larger in radius than ribbon thickness,
naturally affording high flexibility and extensibility. This is an attractive set of properties for many technologies that require high stretching and structural continuity,
such as stretchable electronic devices [128] or microflow sensors [129].
The ability to create NP structures with control over the functional or mechanical
properties is necessary for their implementation in any range of applications. In
particular, control over the NP material from conductive gold NPs to semiconducting
CdSe QDs to magnetic NPs leads to a wide range of possible functionalities. Moreover,
the ability to vary the organic ligands tethered to the particle surfaces provides an
additional handle to control organic functionality, such as crosslinking. In terms of
the mechanical properties of these helices, the spring stiffness can be tuned through
the helical dimensions, more specifically the radius to pitch ratio R/p, or the material
composition. Notably, the spring stiffness of these helices can be significantly lower
than previously reported InGaAs/GaAs or Si/SiGe inorganic nanohelices (10−2 to
10−3 N/m) [105, 130] and on a similar order to DNA molecules (∼ 10−5 N/m) [131]
and cholesteric helical ribbons (∼ 10−6 N/m) [99]. For example, the spring constant
of our UDT-QD helices with R ∼ 15 µm is (6 ± 1)x10−6 N/m.
In terms of shape recovery, we note that helical ribbon recovery qualitatively seems
quite good, as shown in Fig. 4.6(C). However, a question of boundary conditions
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does become apparent since this type of shape recovery is not observed as often in
samples with two fixed ends. In addition, the inherent mechanical properties of the
UDT-QD material system is not fully understood. This is important because the
observed data suggests that plastic deformation occurs within the structures, and
the underlying mechanism, whether it be breaking of ligand crosslinks or inefficient
crosslinking leading to NPs sliding around, is currently unknown. Moreover, another
open question on the mechanical aspects of these NP-based materials is the effect
of time. The shape recovery could be explored in a future project as a function of
strain rate, time, and amount of applied strain. We will see briefly in the following
chapter that the plasticity of these NP helical ribbons is important to studying their
mechanics.
An experimental challenge of kinks, tangles or perversions in the helices should
also be addressed here. That is, when making long helices, it is difficult to create
structures that do not have any helical heterogeneities. Recall the geometric relationp
1
l2 − p2 . In our experiments, this
ship for a helical structure with fixed ends: R = 2π

Figure 4.9: Measurement of helical radius and pitch upon stretching an NP spring
for both medium and high extensions. The images are highly zoomed from the same
helical sample used in Fig. 4.7.
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relationship is confirmed by measuring the radius and pitch upon extension, as shown
in Fig. 4.9(A), where we have assumed a uniform helix with a fixed number of turns.
A deviation from the theoretical geometric relationship is seen at high stretch when
the ribbon is in an approximately straightened conformation. This is attributed to the
practical limitation of the radius measurement (Fig. 4.9(B)), where it is not possible
to measure a radius smaller than ∼ w. Especially at higher extensions, the pitch may
only be assumed to be bright spot to bright spot, under the assumption that each
twist in the ribbon is uniformly distributed along the long axis. Additionally, this
deviation may be due to the unwinding of kinetically-trapped helical reversals that
may irreversibly relax l at large forces, as well as the disentanglement of uncontrolled
heterogeneities of the helical geometry. We note that as the helix is pulled, helical
turns become unkinked, which can be better visualized in Fig. 4.8(B), where the
force either decreases slightly or stays constant with increasing displacement.
Our analysis illustrates that larger scale materials can be created purely from
nanoscale particles (coated with short molecules) by controlling their assembly into
ribbons, ultimately yielding helices with predictable properties that are characteristic to particular length scales. For example, the overall helical geometry strongly
determines the mechanical response of the microspring while the nanoscale particles
provide uncompromised functionality, such as the semiconductor CdSe QDs that display high fluorescence. Our methods are versatile and in principle, can be extended to
other functionalities by utilizing different organosoluble particles, like magnetic NPs
or the gold NPs briefly described in Fig. 4.8. Additionally, the structures presented
here display an impressive range of mechanical properties within a single, synthetic
structure from hybrid materials. These spring-like helices comprise mainly traditionally hard, high modulus ceramic or metallic NPs, while simultaneously showing
mechanical response similar to soft, biological helices, like DNA [131] and cholesterol
helical ribbons [99]. In contrast, the stiffness of the ribbons when fully stretched is
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on a similar order to synthetic polycaprolactone or nylon nanofibers [132, 133]. This
shows that by taking advantage of geometry, nearly any material can be used to obtain
stiffness values over a range of 3 or 4 orders of magnitude without the requirement of
changing materials (i.e. modulus) or structural dimensions (i.e. cross-sectional size).

4.4

Conclusions

To summarize, we have demonstrated a versatile method for creating NP based
helical structures with controllable mechanical properties and developed a new tool to
measure forces on the nanonewton scale across mm-scale displacements. We showed
that the force-displacement relationship can be predicted through the elastic energy
and surface-derived helical shape upon extension with known ribbon dimensions and
materials properties. The dimensions of these helical ribbons provide low stiffness on a
similar order to biological helices and impressive maximum stretch ratio with excellent
shape recovery, providing a novel means for engineering a new class of stretchable
materials possessing a broad range of organic or inorganic functionality. This, in
turn, can be used as a guideline to design microscale helical structures with specific
characteristics, such as overall mechanical spring stiffness and functionality provided
by nanoscale building blocks. Future studies should focus on elucidating optimal
combinations of geometry, surface tension, and materials properties that control helix
formation, pitch, and radius, converting surface tension into mechanical work.
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CHAPTER 5
DEFORMATION AND SHAPE OF FLEXIBLE,
MICROSCALE HELICES IN VISCOUS FLOW

5.1
1

Introduction
Scientists and the general population alike have been curiously fascinated with

helical shapes for centuries, from Darwin’s observation of helical plant tendrils in the
1800s [97] to the invention of the helical toy slinky in the 1940s. Though more recently,
interest in helices has focused on the micro- and nanoscale due to their ubiquity in
Nature, as observed in DNA, cholesterol, and bacteria [91, 92, 134–137]. From a
physical and mechanical point of view, the interaction of small helices with fluids is
particularly interesting because of its relevance to both fundamental science [138–145]
and technological applications, such as swimming microrobots or microflow sensors
[129, 146, 147]. Nature has perhaps best demonstrated the importance of small scale
helix-fluid interactions through the evolution of helically shaped flagella, which are
exploited by swimming microorganisms to move through their surrounding fluids [134,
135, 137]. In particular, reports on Rhodobacter sphaeroides (R.S.) and Salmonella,
which use a single flagellum to drive the bacteria body in a certain direction [134,148],
have shown significant changes in helical shape under the motion of fluids (see Fig.
5.1(A)). While microorganisms have evolved to use flagella in different ways (i.e.
Escherichia coli have several flagella that work collectively to move and independently
to stop [135, 137] as compared to a single flagellum), it has been generally accepted

1
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Figure 5.1: Examples of both natural swimming flagella and synthetic mimics. (A)
A swimming Rhodobacter Sphaeroides bacterium showing large shape changes in the
helical flagellum. (B) An “artificial bacterial flagellum” that can move by the soft
magnetic head. (C) A synthetic swimmer possessing a helical tail with a magnetic
coating (Images reprinted from refs [134, 149, 150]).

that the helical shape of flagella is essential for their motion. This has led to a growing
body of work to understand various characteristics of small helices, from fabrication
and motion control (see Fig. 5.1(B-C)) to fundamental solid and fluid mechanics.
At these length scales, helices function in low Reynolds number, Re. This characteristic number quantifies a balance between the fluid inertia and viscous forces,
and is commonly used to determine the relative importance of each force acting on a
body. The Reynolds number is defined as:

Re =

ρvl
η

(5.1)

where l is the characteristic length scale of the body of interest, v is the relative
velocity, and ρ and η are the density and viscosity of the fluid, respectively. When
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the Reynolds number is low, inertial forces are neglected and viscous forces are taken
to play a dominant role. In the example of R.S. bacteria with approximately l ∼ 10
µm and v ∼ 20 µm/s [134], the Reynolds number is calculated to be Re ∼ 10−4 in
water, illustrating the dominance of viscous forces in microorganism swimming [138].
While studies on helices in low Reynolds number fluids has progressed in the
last couple of decades, experimental work has focused mainly on macroscopic, nondeformable helical models in high viscosity fluids [140, 141, 151], likely due to the
difficulties in fabricating and analyzing flexible, microscopic systems in a controlled
manner. However a natural flagellar filament is on the order of tens of nanometers in
diameter and several microns long with bending stiffness in the range of B ∼ 10−24
to 10−21 N/m [148, 152, 153], which would intuitively provide low flexural stiffness.
This is supported by experimental observations on natural swimming flagella that
show drastic changes in shape under the motion of fluids (Fig. 5.1(A)) [134,137,148].
Moreover, an important physical parameter for small helices in flow, the frictional
coefficient that defines the relative resistance of motion between the solid and fluid,
has been increasingly discussed but mainly in theoretical contexts [138, 142–144, 154,
155]. Therefore, a microscopic experimental model that examines flexible helices in
low Reynolds number flow that may predict and extract helical shape changes and
frictional properties would be exceedingly beneficial.
Kim and Powers have calculated analytically that the axial deformation of helices
in flow is dependent upon the helix geometry, the rod bending stiffness, the frictional
coefficient between the solid and fluid, and the relatively velocity of the flowing fluid
[143]. Guided by theoretical insights, this chapter examines the deformation and
shape of synthetically fabricated flexible helical ribbons in controlled viscous flow with
length scales and mechanical properties relevant to natural flagella and microscale
robots [135, 137] (i.e. microscale radius, nanoscale ribbon thickness, and bending
stiffness on the order of B ∼ 10−21 to 10−18 N/m).
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5.2

Background

First consider a helical body that is defined by an axial length (H), contour length
(L), pitch (p), and radius (R). Here we take the cross-sectional geometry of our ribbon
to be a shallow triangular shape with a maximum thickness (t) and a width (w), as
we have discussed in previous chapters (see Fig. 3.4(B)). For helical ribbons exposed
to viscous flow, forces on the solid body are applied through hydrodynamic drag. In
general, the hydrodynamic drag force per unit length is given by [138, 142, 143, 156]:

f = ζ⊥ [v − (t · v) t] + ζk (t · v) t

(5.2)

where t is the local tangent of the ribbon backbone, v is the velocity, and ζ⊥ and
ζk are the frictional coefficients that define the resistance to motion in different directions within the surrounding fluid. Typically, the ratio ζ⊥ /ζk ≈ 2; hence, the
frictional coefficient can be simplified by neglecting directionality, leaving ζ ∼ η. The
hydrodynamic drag force scales as:

F ∼ ηvL

(5.3)

showing that the total force on the ribbon increases with the contour length, L and
flow velocity, v. Under end-loading conditions, the extension of the helix follows:
F R2
dH
∼
L
B

(5.4)

For the case of axial extension under flow, a general expression that balances viscous
drag and ribbon elasticity can then be obtained by combining Eq.5.3 and Eq.5.4 [143]:
dH
ζvR2 L
=
L
B
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(5.5)

in the limit that R/L is small and where the axial extension is defined as dH = H−H0 .
A key point to emphasize is that the preferred helical radius of our ribbons have a
strong dependence on the ribbon thickness, as described in chapter 3 [45]; hence the
bending stiffness, B = EI and the helix radius R are not independently controlled
(noting that I = wt3 /12). This can be advantageous since it provides versatility
in controlling the helix geometry through control of fabrication parameters. In this
particular chapter, helical radius and contour length range within R ≈ 3 − 15µm and
L ≈ 55 − 420µm.

5.3

Experimental details

We examine the deformation of flexible, microscale helices in microfluidic flow of
water. This is accomplished by creating helical ribbons through methods explained
in the previous chapters combined with microfluidic approaches. Importantly, in this

Figure 5.2: Experimental approach to controllably placing microhelices into microfluidic channels. (A) The microfluidic apparatus consists of a pool connected to a microchannel, allowing helices to form and subsequently be placed into microchannels.
(B) The helix is positioned at the vertical center of the channel height, and the flow
is turned on and off by syringe pump.
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chapter we studied only short helices where the formation of perversions (helical reversals) was eliminated. We also focus on PMMA ribbons as a model material such that
the material properties are well known. With these new experimental approaches,
focus may be placed on the mechanics of the system rather than fabrication or materials. Additionally, we then use NP-based helices as well as non-water fluids to show
some interesting preliminary results due to variations in the system. Details on helix
fabrication and formation are found in the experimental sections of the last chapters
and will not be detailed here. The microchannels are fabricated using PDMS and a
mold made by traditional photolithography (rectangular cross-section, 600 µm width,
100 µm height). In this case, the PDMS material was available commercially from
RTV Silicones and mixed at a 10:1 ratio prepolymer:crosslinker. The cured PDMS
is then cut such that one end of the channel is connected to a large open pool (Fig.
5.2(A)) and then bonded to a glass slide through plasma treatment. After the PDMS
is attached to the glass slide, the pool is filled with water (Milli-Q grade, ∼ 6 mm
high, 7-8mL) and ribbons are placed directly into the water and left for no less than
2 hours to allow helices to spontaneously form. The helices are then fixed on one
end to a single carbon fiber (taken from 2x2 Twill 12k fabric) which is connected to
a micromanipulator (MN-153, Narishige Group). The helix is then carefully moved
into the open microchannel with the microscope point of focus at the center of the
channel height (50 µm from bottom surface).
The flow rate, Q, is controlled by pulling with a syringe pump (Nemesys, Cetoni)
equipped with a 1 mL glass syringe (GasTight, Hamilton Company). Fluorescent
images are captured with an inverted microscope (Axio Observer, Zeiss) to measure
the deformation of the helix while simultaneously measuring the flow rate (Liquid
flow sensor, Sensirion). Since the helix is placed in the center of the Poiseuille flow
(i.e. the vertical center of channel height), the flow velocity is taken to be vmax , where
vmax = 3/2vavg and vavg = Q/A, where A is the cross-sectional area of the channel.
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An example of a typical cycle experiment is shown in Fig. 5.3. When the flow
is turned on, the helix deforms along its helical axis in the direction of applied flow.
The helix follows the applied flow well, extending and contracting as the flow rate
is increased and decreased. This is easily seen in Fig. 5.3, where the stretch of
the helix is observed simultaneously with the real-time measured flow rate. From a
technological standpoint, the quick response of helix deformation combined with easy
visualization makes our system a great 3D microflow sensor device [129].
The PMMA helical ribbons utilized in these studies show great shape recovery
and elasticity. The particular example shown in Fig. 5.3 is run through 3 on-off flow
cycles from 0 to 5 µL/min, and the stretch ratio, λ = H/H0 , is shown for the three
cycles. Corresponding fluorescence images of points a-g on the plot are provided in

Figure 5.3: A three-cycle flow experiment showing good flow control and helix shape
recovery. A helical ribbon with R ∼ 12 µm being deformed under a 3 cycle flow
profile. The flow rate is set and measured to be 5 µL/min and the stretch ratio with
flow on is around λ ∼ 3.5 with recovery of around λ ∼ 1.1. The images (a-g) on the
right correspond to the helical extension and flow plot.
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Fig. 5.3. At point b, λ ∼ 3.4 and recovers to point c where λ ∼ 1.1 when the flow is
turned off for 90 s. On the second cycle (point d), λ ≈ 3.4 and recovers to λ ≈ 1.15
and extends and contracts similarly in the third cycle. This demonstrates reversibility
of our helices, where the radius and axial length recover to its initial configuration.

5.4
5.4.1

Results and discussion
Flow experiments

Figure 5.4: Axial extension of helical ribbons with different sizes as a function of flow
velocity. (A) Fluorescent images of a helix with increasing flow velocities. At higher
velocity, the helix begins to lose turns by rotating its free end. (B) Flow-extension
curve for the helical ribbon in (A) where the dashed line is a fit for a helix with
nonlinear, finite extensibilty given in Eq. 5.6. (C) Flow-extension curves for several
helices, showing different extension due to the different helical dimensions (i.e. R and
L).
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Guided by Eq. 5.5, we examine the axial deformation of microscale PMMA helices
in controlled viscous flow. In these experiments, we measure dH as a function of v,
while also measuring both R and L via fluorescence microscopy. The axial extension of the helices are nonlinear with increasing velocity, as expected for a helix of
finite length. To best determine the relationship between helical extension and flow
velocity, we describe a helical ribbon with nonlinear finite extensibility [157, 158] and
rearrangement of Eq. 5.5:

v=

B
ζR2 L2

1−

dH


dH
dHmax

2

(5.6)

where the maximum extension is taken to be dHmax = L − H0 . We use this equation
that has a similar form to the commonly used FENE model that describes a linear
spring at small strain while still having a length beyond which it cannot physically

Figure 5.5: Relationship of bending stiffness/frictional coefficient with respect to
helical radius from flow experiments. Log B/ζ, calculated by fitting each helix to Eq.
5.6 and substituting into Eq. 5.5, plotted as a function of log R. The best fit line
gives the scaling B ∼ R3.3 , which is consistent with our end-loaded experiments in
the next section.
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stretch. Since the boundary conditions and loading conditions are different than our
previous chapter, the nonlinearity of this equation is slightly different (see Eq. 4.12).
Using measured R and L values, Eq. 5.6 leads to a best fit for B/ζ. As demonstrated
in Fig. 5.4(A) and 5.4(B), the data fits well, where the images on the left correspond
to the data points on the plot, and the dashed line is the fit of Eq. 5.6. Helices with
a range of sizes were created to examine the effects of helix and ribbon geometry.
As expected, the assortment of helices display different flow-extension curves due to
their different helical shape and size, demonstrated in Fig. 5.4(C). Each helix is fit
to Eq. 5.6 such that B/ζ is known for all helices. A plot of log B/ζ with respect to
log R, assuming a constant frictional coefficient, reveals B ∼ R3.3 for these PMMA
helices (Fig. 5.5).

5.4.2

Relationship between bending stiffness and radius for PMMA

As previously stated, the relationship of bending stiffness and radius for PMMA
helical ribbons was not meticulously quantified in chapter 4, which focused on NPbased materials. Therefore, we first quantify this relationship such that quantitative
analysis of flow experiments is possible. To accomplish this experimentally, we utilize
our custom-designed carbon fiber measurement tool described in the last chapter to
measure the end-loaded force-extension relationship [45, 120] (see Fig. 5.6) and fit a
nonlinear equation of a helix given by [120]:
q

2
1
−
(H
/L)
0
4π N BdH 
q
F =
+ M
3
L
2
1 − (H/L)
2

2

(5.7)

where F is the force, N is the number of turns, and the constant M = 2/(1 + ν) − 1
(where ν ≈ 0.3 is the Poisson’s ratio). Note that this equation (Eq. 5.7) is similar to
Eq. 4.12 provided in chapter 4 with a few substitutions so that it is consistent with
this chapter’s convention. Moreover, it should be mentioned again that the expression
of nonlinearity for this end-loaded experiment is slightly different from the one used
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Figure 5.6: Quantification of the relationship between bending stiffness and radius for
PMMA helical ribbons. (A) Images of PMMA helical ribbon being extended and (B)
the corresponding force-displacement curve. (C) A CF cantilever experiment with a
larger helical radius. (D) Log B vs. log R, showing that B ∼ R3.3 for these PMMA
helices.

for flow because the conditions are different (i.e. end forces vs. body-like forces and
fixed ends vs. a free-rotation end). In the small strain limit where H  L, the force
scales as F ∼ N 2 BdH/L3 . A geometric relationship for a helical structure holds
that R ∼ L/N , leading to F ∼ BdH/R2 L used to determine B, which provides an
identical scaling to that given by Kim and Powers in Eq. 5.4 for small strains [143].
A plot of B vs. R leads to the empirical relation B = 3.35x10−3 R3.3 , as demonstrated
in Fig. 5.6(D). Importantly, this is consistent with our flow experiments, where a plot
of log B/ζ vs. log R also reveals B ∼ R3.3 (Fig. 5.5).
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5.4.3

Extraction of the frictional coefficient

Since we have quantified the relationship for B as a function of R through endloaded experiments and confirmed the consistency with flow experiments, we may
now quantitatively extract a frictional coefficient for each helical ribbon. We obtain
frictional coefficients between ζ = 0.7 − 2.5 mPa-s with an average ζ = 1.5 ± 0.5
mPa-s across all helices. Seeing that each helix should have different ζ, this standard
deviation serves to show a weighted range rather than an error on our measurements.
While different values of ζ have been proposed by different researchers [138, 142, 143,
155], the general relevant form is given by:

ζk =

2πη
ln(2q/a)

(5.8)

where q is often taken as 0.09p and a is the radius of the fiber itself. Since our
structures are ribbons, rather than cylindrical fibers, we approximate the length scale,
a, as the “effective” cylindrical fiber radius, a ∼ (1/2wt/π)1/2 . Assuming the viscosity
of water is η = 1 mPa-s, we may now calculate a theoretical ζk for each helix using
Eq. 5.8. To compare our experiments with theory, we calculate theoretical ζ values
for an equivalent cylinderical fiber and find a range of ζk,theory = 1.6 − 2.5 mPas. Although not perfect, theoretical and experimental values are within a factor of
∼ 2 and we believe this agreement is acceptable for our approximation of the crosssectional length scale. We must note that in this narrow range, discrepancies may
also be attributed to the error of our measurements on B. Despite the fact that
effects of cross-sectional shape on ζ are not well described, one may also imagine that
with the normal of the ribbon thickness oriented towards the helical central axis, the
length scale a may be considered as t. A calculation of η = (ζ/2π) ln(2q/a) for a
cylinder provides a water viscosity of η = 0.7 ± 0.3, whereas when a = t, we find a
more appropriate value of η = 1.0 ± 0.3, showing that ζ does depend on details of the
cross-sectional shape.
98

5.4.4

Shape distribution of helix under flow

Aside from their global extension, flexible helices display non-uniform shape distributions when deformed in fluid flow, which has also been observed in natural helical
flagella [134, 148]. More specifically, it is observed that the turns are most stretched
at the fixed end and continuously become less stretched along the helix approaching
the free end. This is clearly visualized in an experiment of a long helix with several
turns. Displayed in Fig. 5.7(A) is a helix of L ≈ 320 µm and R ≈ 4.5 µm in the
absence of flow (top) and at an applied flow velocity of v = 0.625 mm/s (bottom).
Similar to a low-stiffness spring under gravity where body forces are applied along
the spring [159,160], viscous forces are applied to the helices along the contour length
of the ribbon. The strain is described by  = dH/ds, where s is a position along
the contour length of the ribbon from the fixed end. Combining Eq. 5.5 with the
condition that the force, and hence the deformation, vanishes at the free end leads
to dH = ζvR2 (L − s)2 /B, and the strain along the helix contour is then given by
 = 2ζvR2 (L − s)/B.

Figure 5.7: Shape and pitch distribution of helical ribbon under flow. (A) Helical
ribbon with R ≈ 4.5 µm and L ≈ 320 µm in the absence of flow (top) and at
v = 0.625 mm/s (bottom). (B) Pitch as a function of position of the contour length
corresponding to the helix in (A) for different flow velocity.

99

To quantitatively examine the shape distribution of our helices, the deformation
is discretized into measurable parameters. We set the strain as  = p/l, where both
the pitch and the contour length of one turn (l) are observable in experiments. The
equation may then be rearranged:

p=

2ζvR2 l(L − s)
B

(5.9)

such that the slope of p vs. (L − s) leads to calculation of ζ/B. In Fig. 5.7(B), we
plot pitch vs. contour length position at different flow velocities of the helix shown
in Fig. 5.7(A). Using the linear fit slope with measured R, v, and determined B
values, we find ζ = (0.8 ± 0.3) mPa-s. Returning to the overall helical extension fit
to Eq. 5.6, where ζ = 0.7 mPa-s for this particular helix, we find consistent values
for both calculations. Consequently, we may now predict both the shape distribution
and global deformation of a flexible, microscale helix in low Reynolds number viscous
flow.
As an additional check of our system, we propose another experiment which measures the deflection of a CF cantilever attached to a helix under flow. Using a similar
setup to the experiment in Fig. 5.7(B) with the addition of measuring the cantilever
deflection would permit the calculation of force. However, this experiment is more
challenging than expected at first glance. To conduct this experiment, the cantilever
must be placed perpendicular to the flow direction, while still being able to be placed
into the channel and not affect the flow. If this can be conducted, the total force
measured could then be correlated to the force per unit length along the helical ribbon and hence, define the overall shape of the helix under the same constraint that
the forces vanish at the free end. With that, the frictional coefficient can also then
be calculated and compared to the two above methods.
We wish to also show an interesting observation of large shape changes in helices
at high velocities. Under these stronger forces, the helical shape uncoils to lose a
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turn near the point of attachment (Fig. 5.4(A)). Qualitatively, more evident helical
instabilities are observed through localized transitions of coiled to uncoiled helical
geometry, as shown in Fig. 5.8. Notably, this is reversible and when the flow is
turned off, the helix relaxes to a shape that again is nearly identical to the initial
helix. Similar transitions of helical and straightened geometries have been observed
in torque-free, end-loaded experiments on cholesterol helical ribbons [99] as well as in
rods of preferred curvature under gravity [160] and swimming microorganisms. Thus
future studies may focus on these helical transitions in viscous flow with possible
analogies to macroscopic body forces and swimming bacterial flagella.

Figure 5.8: Global to local helical shape transitions under high flow velocity. Qualitative example of a prominent helical transition from a global helical geometry to
local uncoiled and coiled configurations at high velocity (of order ∼ 10 mm/s) with
shape recovery when the flow rate is lowered.

5.4.5

Helical ribbons in non-water fluids

Briefly in this section, we show preliminary data on the helix-fluid interactions
of our system using a non-water fluid. The effects of non-newtonian fluid interactions with helical structures is particularly interesting because many swimming
microorganisms move through non-newtonian biological fluids in their natural environments [139, 141, 144, 161–164]. In our case, since it is difficult to have the same
exact helical shape for each sample, we design an approach that allows us to test the
same helix in different fluids. We first prepare an aqueous solution of high molecular
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Figure 5.9: Extension in high viscosity, non-water fluid. (A) Flow extension curve for
the same helical ribbon in water (black) and in a PEO solution. (B) Viscosity of the
PEO solution at different approximately room temperatures.

weight poly(ethylene oxide) (PEO, ∼ 4 million g/mol). Helices are placed in a water
bath and studied in the microchannels as previously described. Afterwards, the PEO
solution is added to the pool, such that the total water bath has a calculated PEO
concentration in the range of 500-1000 ppm.
Results for the axial extension of a helical ribbon is shown in Fig. 5.9(A), where the
black points correspond to the helical ribbon in water and the red points correspond to
the helix after PEO solution is added. Since the extension is related to the viscosity
of the fluid through Eq. 5.5 (recalling that ζ ∼ η), the solution from the pool
was extracted after flow experiments and measured with a rheometer, shown in Fig.
5.9(B). This demonstrates that the viscosity is approximately 3 times that of water
with little change in the approximate room temperature range of our experiments.
From Eq. 5.5, the extension should scale with viscosity; however the helical extension
is ∼ 4 times greater than in water (as opposed to 3). Several reports have suggested
that the additional normal stresses produced by the viscoelasticity of the surrounding
media can change how the helix interacts with the fluid [139, 141, 144, 162, 164]. This
may lead to both increases or decreases in helical deformation or swimming speeds.
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However, this discrepancy may also be related to the poor mixing of the PEO and
water solution in the pool, leading to a higher local viscosity at the channel, where
vigorous mixing is not possible in the current experimental setup without losing the
helical ribbon. Further experiments with an improved apparatus must be conducted
to clarify and decouple any viscoelastic effects from a simple increase in viscosity.

5.4.6

Nanoparticle helical ribbons under flow

Here we show some preliminary results on NP helical ribbons in viscous flow.
More specifically, we used the same UDT-QDs from previous chapters and placed
them into our microfluidic apparatus. Shown in Fig. 5.10(A) is a UDT-QD helical
ribbon run through several cycles of on-off flow. It is important to notice that this
is the same helix over the course of 7 cycles. Interestingly, the helical shape change
is not reversible, and some type of plasticity or permanent deformations are evident.
To quantify these changes, we plot in Fig. 5.10(B) both the axial extension and the
number of turns of the helix as a function of cycle. In this case, for clarity in the plot,
each cycle is one on or off cycle. For example, at cycle 1 the flow is off; in cycle 2, the
flow is turned on; in cycle 3 the flow is turned off, and so forth. In this experiment,
there is an extended dwell time between cycle 5 and 6 of around 3 minutes. We can
see clearly that the number of turns increases and the overall length of the relaxed
helix also increases with cycling. For this to be possible, the geometry of the helix
must change if the assumption that the contour length is approximately fixed holds
true. This is confirmed in Fig. 5.10(C), where we plot helix radius and the number
of turns with cycle number; the radius of the helix decreases with increasing number
of turns, as necessary.
While these results are consistent with each other, it does not provide insight
on why this occurs. We believe that in this situation where one end of the helix is
free to rotate, the NPs may slide among themselves when a force is applied without
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Figure 5.10: Irreversible shape changes in nanoparticle helices in flow. (A) Three
cycles of the helical extension and relaxation under flow for UDT-QD ribbons. This
is the same helix after a number of cycles. (B) Axial extension and number of turns
of the helix as a function of cycle number. Here each cycle is taken to be one on or
one off run. (C) Helix radius and number of turns as a function of cycle number.

being able to return to their original positions, leading to permanent changes in crosssectional shape and nanoscale organization. This idea would be consistent with the
number of turns staying constant after the flow is turned off in higher cycles. To
better understand this phenomenon, further experimentation and analysis should be
conducted to determine the relationship between the amount of strain applied and
the duration of this strain on the final shape of the helix, as well as the viscoelastic
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properties of the material system. Additionally, it is worthwhile to point out that the
axial extension is not as high after a point where the R decreases (effective decrease
in R/p) because a higher force is required, consistent with our analysis in chapter 4.

5.5

Conclusions

Overall, we have introduced a microscopic model system to measure the deformation, shape and frictional properties of flexible helices in low Reynolds number
viscous flow. We demonstrate that the size, shape and bending stiffness of a helical
ribbon defines the overall deformation of microhelices in fluid flow, consistent with
existing theory [143]. We have additionally quantified the non-uniform shape of a
flexible helix deformed in viscous flow, showing that the distribution of pitch follows
an expected trend for a helix with a free end, similar to a hanging spring under gravity. Moreover, we have shown that further work on NP-based helical ribbons in flow
should be undertaken, such as understanding the viscoelasticity and plasticity of the
material.
Our experimental platform presents opportunities for both experimental as well
as theoretical advances on flexible helices in low Reynolds number flow. In particular, our results show that with our methods, it is possible to examine the effects
of fluid viscosity or viscoelasticity, the friction and flow around deformable helices,
the global-to-local helical shape transitions, and the effects of cross-sectional geometry. Understanding these general helical behaviors will lead to fundamental insights
on natural helices, like flagella, as well as the development of synthetic helices, like
swimming micro-bots in fluid environments.
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CHAPTER 6
CONCLUDING REMARKS

6.1

Summary of work

The work presented in this thesis focuses on the fabrication and mechanics of
meso- to macroscopic NP, polymer, and hybrid material structures. We developed a
unique fabrication method, termed flexible blade flow coating, to enable the creation
of hierarchical assemblies with different geometries from a wide range of nanoscale
building blocks. Flexible blade flow coating is a geometrically confined evaporative
assembly method that utilizes a thin PET film to control the shape of an evaporating solution. Flexible blade flow coating utilizes the elasto-capillarity of a solution
trapped under the PET blade, where capillary forces balance the bending of the PET
to provide a very small gap between the blade and substrate. This leads to controlled
structure formation with unprecedented ribbon dimensions: as small as < 10 nm in
thickness (single particles), sub-micron width (∼ 200 nm), and up to 10 cm in length.
While we have not created ribbons much longer than 10 cm, this is limited only to
the blade size and in principle, can be made on the order of meters if desired. Utilizing NPs functionalized with crosslinkable ligands, we have demonstrated the ability
to create robust structures upon lift-off from their underlying substrate. Depending
upon the fabrication and the release process parameters, a diverse library of structures is available through our methods, including straight, flexible ribbons, diblock
ribbons, helical ribbons, 2D and 3D fabric-like structures, helical networks, wrapped
solid surfaces, and encapsulated oil-in-water droplets and surfactant bubbles (Fig.
6.1). This versatility in creating structures from a large variety of materials and com106

Figure 6.1: A library of possible structures. (A) flexible ribbons, (B) diblock ribbons,
(C) independent helical ribbons, (D) 2D fabrics, (E) 3D drapable fabrics, (F) helical
networks, (G) wrapped solid surfaces, (H) encapsulated oil-in-water droplets, and (I)
wrapped surfactant bubbles.

positions across a broad range of length scales provides a foundation for exploiting
nanoscale objects in macroscale materials with precise control over properties.
While many structures have been demonstrated through our methods, much of
this thesis is built upon our unexpected discovery of the transition from straight to
helical ribbons when placed into liquids. We found that upon releasing ribbons created by flow coating into water, they spontaneously formed helices. We showed both
experimentally and analytically that this helical formation is driven by a balance
between the interfacial tension and elasticity of the asymmetric cross-sections inherently generated by flexible blade flow coating and evaporative assembly methods. By

107

starting with a total energy equation that balances the elastic bending energy and the
surface energy of an asymmetric cross-sectional geometry, we find that the preferred
radius of curvature, which in this case is also the helical radius, is defined by the
ribbon thickness and the elastocapillary length:

R∼

E 2
t
γ

(6.1)

Most importantly, this relationship shows the ability to control helix formation through
both materials properties and geometry with no requirement of specific materials. We
have supported this hypothesis this by creating helices from simple homopolymers,
gold NPs and CdSe QDs (Fig. 6.2). Moreover, we have shown that sufficiently strong
interfacial tension is needed for helices to form, where the addition of surfactants or
lower surface tension fluids lead to helical uncoiling. This discovery is significant because it offers a novel way to geometrically control shape transformations of structures
from both high and low modulus materials through the use of surface forces.

Figure 6.2: A range of materials are possible for structure formation. Helical ribbons
made from 3 different materials of (A) CdSe QDs, (B) gold NPs, and (C) PMMA
homopolymer.

Building upon our finding, we examined the mechanical properties of these helical
structures. Experimentally, this required the development of a unique tool that was
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sensitive to weak forces (∼ nN) over large displacements (∼ 100 µm to ∼ 1 mm).
We successfully implemented a long carbon fiber as a deflecting cantilever, which was
attached to one end of a helix and translated. By controlling the length of the stiff
carbon fiber, which strongly dictates the end-loaded bending stiffness (F ∼ 1/L3 ),
a range of force resolutions are possible. QD-based helices were able to be fully
stretched to their contour length as high as 23 times their original length, which may
be controlled by the initial radius and pitch ratio. QD helices were also shown to
have stiffness values similar to single polymer chains in the low strain regimes (∼
10−6 N/m), providing an interesting opportunity to utilize these helices in biological
applications with the added ability of tuning organic and inorganic functionality. We
developed an analytical model to describe the force-displacement relationship through
the elastic energy and surface-derived shape as a guideline to design helical structures
with desired specifications, such as mechanical stiffness.
Since these helices possess similar characteristics as biological helices in both size
and mechanical properties, such as swimming bacterial flagella, we examined them
in microfluidic flow. In particular, we were motivated by the apparent lack of experiments that examine the deformation of highly deformable, small-scale, 3D helices
in fluids. Using PMMA as our model material, we demonstrated that the axial deformation (of a single helix with one fixed end) is described by a balance between
viscous and elastic forces, as suggested in literature [143]. Specifically, this extension is defined by a nonlinear spring of finite extensibility. From our experiments,
we extract a frictional coefficient and additionally quantify the shape distribution of
deformed helices in flow, two contributions that have not been previously reported
to our knowledge. Qualitatively, we also observe drastic shape changes of global
to local helix transitions at high flow rates. Since most biological helices work in
non-newtonian fluids, we briefly examined deformation in high molecular weight, viscoelastic PEO solutions. While we found that the helical extension was not directly
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translated to viscosity, more experiments should be completed to better examine such
effects. Moreover, we also briefly showed that NP-based helices deformed in fluids
are non-reversible.

6.2

Future directions

In general, our experimental approach, observations, results, and analysis offer a
strong platform to create and control properties of hierarchical structures built from
nanoscale building blocks that span several length scales. While this thesis does
answer many questions related to the fabrication of NP-polymer hybrid materials
and structures, it also leaves many open questions and future experiments to be
conducted. The details presented here are just a starting point for the massive body
of work that should follow. While the possible routes are numerous, we may propose
some specific ones that can be examined in the near future following our work.
In this thesis, we did not rigorously study the inherent materials properties of the
wide range of NP-based materials of various ligands. We did attempt to briefly determine the modulus of ribbons by a wrinkling method (see appendix); however these
results were limited in determining any other properties, such as viscoelasticity and
plasticity. Future work should better characterize the creep and hysteresis inherent
to the materials (as a function of different organic ligands), and subsequently implement them into these structures. The predictions throughout this thesis suggest that
the materials properties play an important role in the outcome of the overall structural properties. In a specific example, both chapters 4 and 5 clearly showed that
hysteresis and permanent deformations are present in UDT-QD helices while PMMA
helices displayed high elasticity and recovery. In another example, we qualitatively
showed that the composition of the structures can control properties (by the addition
of PDMS), where fabrics and ribbons with PDMS were extremely floppy and flexible.
Thus, it would be advantageous for many applications to examine the optoelectronic
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and electronic properties of PDMS structures with high inorganic NP volume fractions. In terms of fabric-like structures, we have only touched upon their fabrication
and release methods with many observations, which are shown in the appendix. One
can imagine that with control over the junction spaces (symmetric or asymmetric
spaces) as well as the shape of the openings (hexagons as opposed to squares, for
example), any range of structures can be achieved.
Clearly, this thesis had a strong focus on helical structures and while we have
detailed many aspects of their formation and mechanics here, we have generated many
related questions that remain to be explored. We suggested in many chapters that
both the pitch and the helical perversions were results associated with the kinetics of
formation in ribbons with a long contour length. These were touched upon in chapters
3-5, but in-depth analysis of their underlying mechanisms should be conducted. To
really determine what defines the pitch, two key experimental challenges must be
overcome. First, the cross-sectional shape of each ribbon must be precisely measured
and linked to the resulting radius. For example, what happens if the triangular
cross-section is off-center? One may expect that this would define a certain pitch or
radius. In our analysis with the assumption of the symmetric plane, this would not
be the case, but experiments should prove this to be true. In addition, controlling
the formation of more than just helices may be possible through control of the crosssectional shape. For example, patterning a thin film with asymmetry may lead to a
wide range of possible shapes, beyond high aspect ratio ribbons. From a technological
point of view, the creation of helices leads to unique mechanical properties that may
be useful for stretchable devices. As demonstrated in Fig. 6.2, small organic molecule
coated gold NP (i.e. conductive) helices may be created. If these structures could
be maintained while removing the organic ligands, pure metallic structures would be
possible.
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There is a large community of scientists that are interested in studying helices
in low Reynolds number fluids. We suspect that our new experimental system will
provide a route towards identifying underlying physical mechanics through comparison between theory and experiment. We have only described the geometry and axial
deformation of a small-scale helix in flow, however many possible experiments can be
conducted. We qualitatively showed that helices are globally unstable at high flow
velocities, but what are the factors that define this instability? We suppose this is a
function of the initial helical geometry, elasticity and flow force. Studies should be
conducted to determine the regimes where this is observed. Moreover, since swimming microorganisms use rotation in addition to helical deformation, changing the
boundary conditions to torque-free ends would provide another parameter to explore.
We have observed that axial flow can indeed create helical rotation for such boundary conditions (but is not clear without video). Additionally, examining the effects of
viscoelastic fluids would be highly beneficial for the field. Since most microorganisms
actually reside in non-newtonian fluids, understanding how these helices deform or
rotate with normal stresses of the fluid would help in the development of swimmers
for drug delivery or to control how bacteria and disease live. We speculate that it
will be challenging to decouple the viscous effects from the elastic aspects of the fluid
and therefore a low viscosity viscoelastic fluid would prove to be advantageous. We
also believe that further study on the permanent deformation of the NP-based helices would lead to some interesting applications, such as flow induced helical shape
transformations (like increasing the number of turns).
Overall, we believe that the work presented in this thesis is far-reaching and relevant to many related fields, such as solid and fluid mechanics, soft matter physics, biophysics, polymer chemistry and materials science. Our versatile methods, materials,
and structures has laid the groundwork for many future studies, both experimental
and theoretical. With our understanding of the flexible blade flow coating technique,
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the general fabric formation and release methods, the helix formation mechanism,
the mechanical properties of helices, and fluid-structure interaction of helices in low
Reynolds number flow, we may now explore more detailed questions related to these
concepts for advances in both fundamental insights and technological applications.
Funding sources: The work in this dissertation was supported by the Army Research Office, the National Science Foundation MRSEC at UMass, a Chateaubriand
Fellowship from the Embassy of France in the USA, and PHaSE, an EFRC funded
by the Department of Energy Office of Science.
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APPENDIX
ADDITIONAL EXPERIMENTAL OBSERVATIONS

In this appendix, we show a number of qualitative experimental observations,
illustrating the massive library of structures, mechanical properties, and physical
attributes of these structures. In the summary presented in chapter 6, we generally
understand the formation mechanisms and can reproducibly recreate these structures.
In contrast, not much has been done quantitatively on the following observations, and
thus this appendix serves just as a show of the extended possibilities from our work,
in addition to the library in chapter 6.
We first show one quantitative result that displays the approximate modulus
values for different materials through a wrinkling technique [165]. These experiments were conducted by creating ribbons on a PAA-coated substrate, transferring them to PDMS, and compressing the PDMS block. The modulus can then

Figure A.1: Determination of modulus by wrinkling. (A) Modulus as a function
of QD fraction by weight, clearly showing a drop with increasing QD fraction. (B)
PS-Azide coated QD ribbon before and after wrinkle formation by compression. (C)
UDT-QD ribbons under compression, showing non-uniform wrinkles.
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be determined by measuring the wavelength with the known equation for wrinkling
λwrinkle ∼ t(Er /Es )1/3 , where r and s denote the ribbon and PDMS substrate, respectively. However, several challenges may question the validity of these measurements.
For example, recall that our thickness is varying along the ribbon cross-section. To
calculate the modulus, a uniform ribbon thickness should be used, where we approximate this by taking the maximum ribbon thickness. Moreover, transfer methods may
lead to defects thus leading to non-uniform wrinkle formation (Fig. A.1). Therefore this should only be used as a guideline until better methods can be developed,
especially for the UDT-QDs.
Next we show just a range of observations that were not quantitatively examined
or shown in the main part of this thesis. Figure captions describe details of each
figure, including flow coating parameters. Variables are concentration (c), stopping
time (ST ), and the spacing between ribbons or junctions (d).

Figure A.2: 2D flexibility of PSAz-QD fabrics floating on Ajax solution surface. (AB) Fluorescent images showing the 2D flexibility of fabrics created from PSAz coated
QDs floating on the surface of an Ajax aqueous solution. Many fabrics were shown in
the main part of this thesis, and here we just wish to show that these can have high
2D flexibility. Flow coating parameters: c = 1 mg/mL, ST = 300 ms, d = 30 µm.
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Figure A.3: Fluorescent images showing a variety of observations of UDT-QD fabrics
submerged in Ajax aqueous solution. All images here are of the same fabric sample,
showing different range of fracture, shapes, and curvature. Fracture patterns resemble
those of classical macroscopic cloths. The entire sample was simply submerged, and
therefore release is not well controlled. Flow coating parameters: c = 1 mg/mL,
ST = 1 s, d = 30 µm.
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Figure A.4: Fracture surface showing free ribbons at the edge. (A-B) Fluorescent images showing fracture edge of a UDT-QD fabric after stretching. This is a trademark
of traditional fabric tearing. Flow coating parameters: c = 1 mg/mL, ST = 150 ms,
d = 30 µm.
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Figure A.5: Fluorescent images of a PDMS/UDT-QD fabric bilayer composite fully
submerged in water. (A) A connected network of curled composite films within water, forming encapsulated bubbles. (B) Zoomed in section showing the composite
structure. (C) Upon brining the capsule to the air-water interface (by a needle manipulator), the structure opens up to reveal a 2D structure on the surface of water.
This could be an interesting application for delivery systems where the trigger could
be the surface energy of an interface. Flow coating parameters: c = 1 mg/mL,
ST = 2 s, d = 30 µm. PDMS topcoat (10:1 prepolymer:crosslinker): diluted to a 3:1
by weight (Hexane:PDMS) and spincoated at 3000 RPM for 60 s.
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Figure A.6: Breaking of fabrics to create controlled ribbon lengths. (A) An initial
fabric created from a 3:1 mixture of PSAz homopolymer:OA-QDs before floating and
(B) after floating, showing controlled breaking. The cause is not well understood
here but it is possible crosslinking was not efficient or the PSAz polymers were not
well mixed. Flow coating parameters: c = 1 mg/mL, ST = 300 ms, d = 35 µm.
(C) UDT-QD fabrics with non-uniform spacing and non-uniform ribbon dimensions.
Depending on the direction of flow, ribbons may stay intact, as in (C) or fracture to
a controlled length, as in (D). For results in (D), the fabric structure on either side
of the larger spacings is important such that both sides are stiff enough to withstand
the deformation of fluid flow as compared to breaking of the long ribbons. This
experiment lacks details on the non-uniform flow coating parameters.
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Figure A.7: Helical ribbons created from a mixture of PDMS and OA-QDs. (A)
Small helices from a 2:1 PDMS:OA-QDs solution. Flow coating parameters: c = 2
mg/mL, ST = 300 ms, d = 50 µm. (B) Larger PDMS helix created from a higher
concentration solution of PDMS+5%wt OA-QDs. Flow coating parameters: c = 10
mg/mL, ST = 1 s, d = 500 µm. Both PDMS samples were made with a 10:1 ratio of
prepolymer to crosslinker. It should be noted that PDMS helices were not included in
the initial studies because we were not able to decouple the effects of surface tension
from the internal stresses of crosslinking in the formation of helices. Additionally,
creating PDMS ribbons with identical sizes proved to be more difficult as compared
with NPs or glassy polymers.
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Figure A.8: Ribbons with 2D curvatures when given 3D freedom. Occasionally,
ribbons submerged in water displayed 2D shapes that resemble structures like godet
ribbons. These type of structures can also be seen at the edge of torn plastic films
or leafy greens [123]. In the examples here, all ribbons were made from UDT-QDs
and submerged in the same manner as helical formation. The formation of these 2D
structures was not often and therefore we focused mainly on helices. However, it
would be interesting to examine the underlying mechanism for this result. (A) Flow
coating parameters: c = 0.25 mg/mL, ST = 2 s, d = 200 µm. (B) Flow coating
parameters: c = 1 mg/mL, ST = 3 s, d = 200 µm. (C-D) Flow coating parameters:
c = 0.5 mg/mL, ST = 1 s.
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Figure A.9: Ribbons suspended in air over holes. One method for studying the mechanical properties of ribbons would be by nanoindentation of suspended ribbons,
similar to a 3-point bend test. This proved difficult because suspending ribbons over
holes was difficult. (A) An array of 20 µm holes with UDT-QD ribbons transferred
on top, showing that most ribbons fracture above the holes. While most ribbons
fracture, some ribbons were able to be suspended, as demonstrated in (B). A reproducible method would be required implement this set of experiments. Flow coating
parameters: c = 1 mg/mL, ST = 1 s, d = 30 µm.
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D. Nano letters 6(4), 725–9 April (2006).
[106] Douezan, S., Wyart, M., Brochard-Wyart, F., and Cuvelier, D. Soft Matter
7(4), 1506–1511 (2011).
[107] Chiang, Y.-W., Ho, R.-M., Burger, C., and Hasegawa, H. Soft Matter 7(21),
9797 (2011).
[108] Zhao, W., Russell, T. P., and Grason, G. M. Physical Review Letters 110(5),
058301 January (2013).
[109] Kim, J., Hanna, J. A., Byun, M., Santangelo, C. D., and Hayward, R. C.
Science 335, 1201–5 March (2012).
[110] Tanaka, T., Sun, S.-T., Hirokawa, Y., Katayama, S., Kucera, J., Hirose, Y.,
and Amiya, T. Nature 325, 796–798 (1987).
[111] Abkarian, M., Nunes, J., and Stone, H. A. Journal of the American Chemical
Society 126, 5978–5979 (2004).
[112] Bodiguel, H., Doumenc, F., and Guerrier, B. The European Physical Journal
Special Topics 166(1), 29–32 February (2009).
[113] Landau, L. and Lifshitz, E. Theory of Elasticity. (1959).
[114] Kinloch, A. Adhesion and Adhesives. (1987).
[115] Wu, S. The Journal of Physical Chemistry 74(3), 632–638 (1970).
[116] Jones, R. A. and Richards, R. W. Polymers at Surfaces and Interfaces. (1999).
[117] Johnson, J. and Jones, D. Journal of Materials Science 29, 870–876 (1994).
129

[118] Mcmillen, T. and Goriely, A. Journal of Nonlinear Science 12(3), 241–281 July
(2002).
[119] Jiang, C., Markutsya, S., Pikus, Y., and Tsukruk, V. V. Nature Materials
3(10), 721–8 October (2004).
[120] Pham, J. T., Lawrence, J., Grason, G. M., Emrick, T., and Crosby, A. J.
Physical Chemistry Chemical Physics 16(22), 10261–6 May (2014).
[121] Hibbeler, R. Mechanics of Materials. (2008).
[122] Love, A. E. H. Treatise on mathematical theory of elasticity. 4th edition. (1944).
[123] Audoly, B. and Pomeau, Y. Elasticity and Geometry. (2010).
[124] Starostin, E. and van der Heijden, G. Physical Review Letters 101(8), 22–25
August (2008).
[125] Kessler, D. and Rabin, Y. Physical Review Letters 90(2), 024301 January
(2003).
[126] Kanjanaboos, P., Joshi-Imre, A., Lin, X.-M., and Jaeger, H. M. Nano letters
11(6), 2567–71 June (2011).
[127] Landman, U. and Luedtke, W. D. Faraday Discussions 125, 1 (2004).
[128] Sun, Y., Choi, W. M., Jiang, H., Huang, Y. Y., and Rogers, J. A. Nature
Nanotechnology 1(3), 201–7 December (2006).
[129] Attia, R., Pregibon, D. C., Doyle, P. S., Viovy, J.-L., and Bartolo, D. Lab on a
Chip 9, 1213–1218 (2009).
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